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THE QUESTION OF EQUILIBRIUM AT A PHASE;BOUNDARY:,,:
_ DURING CRYSTAL GROWTH
Tsung-Shen Thomas Shih

Lawrence'Berkeley Laboratory -
University of Californisa
Berkeley, California 94720
September 1972
ABSTRACT
The ratee'ef crysﬁal growth frem.undefcooled'biﬁery;organic melte
were studied ﬁéing e éimple eutecticvsystem 6f saiolvand'thymol. |
A tempefatﬁre;gradient'miefointerferometrievmethod was uéed:to
determine the interfacialviiquid and eelid concentréﬁions and temperaﬁures
as well aS_fhe_iiquid concenﬁretion éredients near £ﬁe groﬁing faces of
The ekperimentalvresults indicated that COnsiderableedepéfture of‘e
fhe interfaciel eompeéitieﬁs and teﬁperatureé from equilibrium can occur,

depending on the growth rate and the interface conditions. It was found

that even at small crystal growth rates, equllibrlum at the phase bound-

.

ary d1d not exlst at all.
- Both the absolute rate theory and the liquid inclusion theory were

diécussed and compared ﬁifh the’experimental data. It was found that the

‘Eyrlng-type of klnetlc rate expre581on predicted the growth rate of" crys— 

% l

talllzatlon for pure substances within an order of magnitude.»
No llquld 1nclu51ons wefe observed in thls sy tem. The criterion

for'breakdown of planar,;nterfaces was found not to be valid.in the



-] X

eutectic organic system used. The presence of a stabilizing temperature
gradient applied to the interfacial liquid had no effect on the concen-

tration of impurity in the crystal but did affect interfeacial shape and

stability.




I. INTRODUCTION
Crystallization is a,nowerful separetion process'involving ohase
transPormatlon at relat‘ve low temperature whlch prov16es several unique
advantages over other separatlon processes. For example, crystalllzatlon

canvbe used to purify thermally unstable materials; to separate close-

" boiling chemically similar isomers, and to obtainvultrepure materials.

In addltlon, crystals can be produced in a form convenlent for process—
1ng, packlng, storage and marketlng.
Crystallization from solutlon is the most common method at present.

HoVever,"crystaligrowth from a melt, known as fractional solidification,h

'is' often much fester then thet from aqueous solution.. Furthermore a

solvent for the substances to be purlfled is not requlred and this avoids
dlfflcultles w1th solvent occlusion. Sometlmes fractional solldlflcatlon
is attractlve in terms of cost and convenience ofioperetions.

The growth of a crystal from its melt is a compllcated problem

v1nv01v1ng mass and heat transfer in-the bulk phases and a klnetlc process

atvthe SOlld—llquld 1nterface. The transport mechanlsm in the bulk phases
is fairly well understood. However, the interfacial rate phenomena are
Still obscure. | | |

The optlcal electrlcal and mechanlcal propertles of crystals de~
pend not only upon the structure of the crystal lettlce but also on. the

growth mechanlsm. The rapld growth of the solid—state 1ndustry and the

'hlgh demands of . the semlconductor and electronlc 1ndustries for unlform

and stable_ultrapure crystals‘have placed heavy demands_for extensive

understanding on the;kinetics of crystallization.
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Although artificial crjstal growth hés hadbmuch effect on various
sciences and industrieé, fhe'process itself has retaihed more of the flavor
of art théh of science.

Crystalliiatioﬁ, unlike most mass_trénsfer prqceSSes,rhas a rather
high interf@ée transfér resistance. 'To define better the'actual inferface w
kinetic‘effect on_crystalliZatibn, an experimental projeéf was initiated.

The object was to invéétigate the iﬁtérfgcial kineties for crygtal growth
from é binary_melf, i.e., the relations between non—ééuilibriﬁm distribu-
tion, interfé¢ial conditiOns;'and érowth vélocity; |

| The expgrimental method was. selected to enable measuremeht of the
interfacial quantities such aé the interfacial liquid and solid conceh--

trations and temperatures.

U ORY SV NP I SO J—
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II. BACKGROUND THEORIES

Crystallization can be considered to occur in-two consecutive

dteps: 1) the initial nucleation of crystals, and 2)athe'growth of these

.» nuclei by the;accretion.of-atOme from the melt. Much has been written on

nucleation (1, 2'3). The main concern of thiebwork however, is with. the
growth of a crystal once it has been formed, 1rrespect1ve of its or1g1n.
Numerous studles of crystal growth phenomena have been conducted.
Several crystal growth mechanlsms have been proposed. In this chapter the
Absolute Rate Theory and the quuld Inclu51on Theory for crystal growth

from the 11qu1d melt are presented. It has become apparent that the con-

| centratlon of 1mpur1t1es in a crystal solidified from its melt is often

’dlfferent from that expected from the equlllbrlum dlstrlbutlon coeff1c1ent.

The dev1at10ns are assoclated w1th the 1nterface rate phenomena that are

,the main concern of thls the51s.

In the past few years, the fleld of non—equlllbrlum 1mpur1ty dis-
trlbutlon has become extens1ve. Some 1nvest1gators (h 5) have suggested -
that the solid comp051t10n does not have its~ equlllbrlum value because of

the requ1rement'for a k1net1c dr1v1ng force at the 1nterface. Some have

'considered the interface region of crystal growth as an open thermodynanic
- system undergoing irreversible change (6). Others have noted that small

| particlesvof_liquid:are eometimes occluded during crystal growth (7,8),'~

giylngfan apparent composltion:to the'cryetal”that lies between those of:7
the pure'soldd phase and the interface liquid‘ Impurity-concentrations:~5
exceedlng the solld solublllty 11m1t were also noted at hlgher crystal

growth,rates (9 10).‘ Therefore 1mpur1ty mechanlcal capture has been pro-v

posed (12) to be the cause of the apparent non—equlllbrlum dlstrlbutlon.



A.. Absolute Rate Theory

The atomic mechanisms for the,growth of a solid into a super?.
cooled liquid have been suggested (13,14) but are only slightly understood » *
In crystal growth there is probably an atomic flux transfer back and forth
ifrom the ordered crystal face 1nto the disordered 11qu1d, more atoms j01n—' | *
1ng the grow1ng crystal than 1eav1ng it. _
Originally it was thought that a crystal surface must be atomically i
rough (15) and that molecules attach themselves freely and independently - i
on any surface orientation that is presented.‘ This view was cr1t1c1zed : ‘ | l
i {
later by,Jsckson et al. (16). Evidence from the direct-Observation of a |
great many crystal growth studies has shown that the crystal grows from » | é
the melt by attachment of molecules to the steps of screw dislocations |
(17,18,19).
| Hllllg and Turnbull (19) suggested that the rate of addltlon of
molecules to an advanc1ng step can be expressed us1ng Eyring s concept (20
of "absolute rate theory . This theory was further developed by Kirwan - ]
and Pigford (4) and critically tested recently by Cheng (30) using certain
complex pure organic compounds. The_thebry was found_to be"withinian order
of magnitude of the observations.- -
The absolute rete‘theory'for cyrstaliization_was derived (4) based
on the assumption that the difference of the chemical potential between
solid and liquid phase is the driving force for the phase transformation, b
and that the crystal surface is imperfect. Therefore the rate of growth v
of an advanc1ng face is governed by the rate of addition of molecules to T- t

the screw dlslocation steps on the solid surface as_well as the density of




the steps on the crystal.surface. It is also based on the hypothe31s

that there ex1sts an 1ntermed1ate actlvated state for crystalllzatlon,_

the llquid molecules ‘at the - 1nterface need not only have a certaln orien-
tation but must have a certaln amount of energy 1n order to0 overcome an
energy barrler when they attach themselves to the crystal

1. Crystal Growth from the Pure Melt

The net. flux of material onto the crystal 1nterface may be wrltten

= N . - ). ' F o R : '
N-_— f()\LpI-;k —.)\Spsk‘ —f)\sps(k _kr) : : (1”)

where kF kR, represent'the forward'and reverse rate'coefficients respec—v

tively. A is the distance the 1nterface advances when a monomolecular

layer is added to the solld or llquld It is also assumed that the mole-
cular spacings are 1nversely‘proportlonal to thesdensities. The factor

"f" is the fraction of the crystal surface which is available for attach- -

» ment,of‘a mblecule. .

Both the forward and reverse rate coeff1c1ents can be expressed
by the Eyrlng concept (20) of'reactlon rate theory. The forward rate

coefficient is given by the equation, -
JF o KT C Cy- '
k = X(—h) exp(- —==) exp(—%7) | | (2)

| ' ; + _
where kT/h is a unlversal frequency factor, AS and AH represent the en-
tropy and enthalpy excess of the actlvated state of the crystalllzatlon._.
X is the transm1351on coeff1c1ent representlng the’ probablllty that each

actlvated‘complex is converted 1ntoxthe product. A s1mllar equatlon can

.beuwritten for the reverse coefficient, kR. It is related to kF by the

equation 'wﬁ“ ' S S .
3 kexp( ) 3
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whefe Ap°® is the difference of chemical potentials at the standard state
between the liquid and solid phases.
The density of active sites on the crystal éurfaée depends on the
"nature of the solid—liquid iﬁterface; For an atomicélly ‘rough interface
all sites on the surface are availabllebf éttachment and f equals to one.
For a screw dislocation mechanism suggested by Frank (21), the step den- — "~

sity is given in terms of the intermolecular spacing and the radius of the

two-dimensional ‘critical embryo, Tos

.- As.' (4)
where,

o is'the surface free energy in the interface per unit of surface area.
Without considering the'dependencé'of surface energy on the shapes of the
ihterface, the surface energy can be obtained frdm Turnbull's cdrrelation
(1), | oaE, . . o
0= 0.3 (my—ir o - 6
_ _ : s ' : : v ,
where AHf_is the entropy of fusion, N is Avogadro's number, and Vg is the
molar volume of the solidf_ v

If we introduce V_= 1/p_, and A = (VS/N);I'/ 3, the absolute rate .
theory of crystallization from the pure melt predicts a freezing veloéity

| | C £ 3

of -BH, + TAS,

. AT KTyvy rq _ =Au° C
Ve (1.27rTm)(X sl - exp(Rp)] exp(—"F7

) | (7)

where Ap®° can be approximated by ASfAT for pure substances. Taking the

first term in the Taylbrbexpansion for the exponeh$ial'term’thé final form

Yo

g



for the_absolute‘rate theory yields for pnre materials;'

| + £
As - | -DH, + TAS,
;= (—k KTy, £y (AL c_ - .
V= (1'2“)(X,11f“ R_)ls(:m)‘ exp( = SIS . - (8)

2. Crystal Growth from the'Binary Melt Without Solid Solutions '

If A represents the 1mpur1ty component in. the binary system ‘the
rate at whlch B . molecules leave 8 phase and traverse the 1nterface is pro-
portlonal to the mole fractlon of the B spec1e 1n that phase.' The net?flux

of component B toward the surface of the crystal is

Np = £(A kperyp - lsanst)_ - S )

where.xB:and yg are the concentrations in the solid and liquid phases.
If we assume that the lattice dimensionsvare inversely proportional to
the molar dens1t1es, i.e., pSAS = pLAL’ we may write Eq. (9) as

R S

»fk P kB(yB ¥ *g) . - (10)

At equ111br1um between the phases ‘the net crystalllzatlon flux must be

Zero. Then the ratlo of two rate coefflclents can be expressed in terms

of the equlllbrlum Phase compos1t10ns, for a s1mple eutectic system with ‘

negligible solid solubility,

'=f -2 R (1)

which at a constant pressure is a functlon of- 1nterface temperature only
In order to apply the theory to the laboratory coordlnate system L
in whlch experimental observatlon are made ve. deflne Ug as the average

veloclty of B molecules as they more toward the surface. We obtain
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N
U, = —— . (12)
B pyp |

Similarly, an equation can be written for A molecules,

u, = —=— o (13)
A Pr¥a .

The average of the velocities for all molecules is given by

= yA#A_+ YaUp | : o (14)

where u can be positive, zero, or negative. Since A is the impurity com~

ponent the term yA A Tey be very small compared to yB B of the major com-

ponent. Combining Egs. (lO)'and.(lQ),-we obtain
_ F ' o | .
uxugyy = fAMG(yy - xgyp) . (15)
The equatidn‘for the flux of B componenfrin the laboratory coordinates

can be obtained by adding terms to Eq. (10) represehtingvthe convective

transport of the componeht B,
N, = fA_p F(y = x .) + (V EE'- u)& p - (16)
p = TAsPskplyp = xp¥p.) + o~ WVBL -
By substituting u from Eq. (15), we obtain _

N

K

- F : oy
If diffusion in the solid phase is neglected, the ratio of the
mole fractioh_of the component is equal to the ratio of the molar flukvﬁo

the interface; i.e., Xp = N /Vpé, and Eq. (17) gives

fASkB

B v Yalyg - xpyp.) + v - a8

If we define an effective distribution coeff1c1ent KE for component B

IR

X

-as the ratlo of actual SOlld mole fraction to the mole fractlon of liquid
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at the interfaceg and . introduce the growth rate parameter, gB = fAk /V
into Eq. (17) and rearrange we obtain an equatlon slmllar to one developed

by Cheng and Pigford (5), v
B gByA

KB i 551—-1 + gByA/KBe

(19)

where KB is the.equlllbrldm dlstrlbutlon coeff1c1ent. According to_ﬁhisA

equatlon KB approaches-unlty as the growth veloc1ty 1ncreases or the for-

ward rate<eoefficient'decreeses§' Mbreorer, Ky apﬁroaches the equilibrium
value as thebgrOWth velqcify reaehes:éero. The numerical veiue.of Ky lies'
between unity and fhe equilibrium value K and depends on the temperature,
the 1nterfac1al llquld concentraxlon, and the growth veloclty.

Agaln the factors £, A, and kF have the same meanlngs as descrlbed
before. For a blnary system the step den51ty f must be estlmated by the
evaluatlon.of the Gibbs freejenergy change.AG.‘ AG represents the differ-
ence of the Glbbs free energy of a mole of solid and 8 mole of liquid of
the same comp051t10n. If we have a pure melt from whlch the crystal is
growing fhe free‘energy difference is approxlmately equal to the entropy
of fusion multiplied by the degree of undercoolihg. However, when the

crystal is growing from .a binaryvmelt, the free ehergy change depends on

both the temperature and the liquid composition; This has been given by

Kirwan end Pigford (i) for B molecules as

AG = up - Uy 1[A £ ACPB(l_,.T ) Rzn(yByB]AT o (20) -

'ﬁherevYB is the activity coefficiept;ef B in the interface liquid.
The absolute raﬁe theory is of little use unless the'quantities

of * the thermodynamic properties of the activated state'for crystallization
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tallization is more difficult to predict.. Itlmay bélapproximqted by the:

rﬂfhan the total activation enthalpy in .viscous flow. Therefore, we can

-10-~

are known. It was first suggested by Hillig and Turnbull (19)'thatvthe‘ o

activated states for crystallization and viscous flow are identical. How- %'&f'
ever, Kirwan and Pigford pointed out thaf the activation energy for crys-
tallization should be smaller than that for viscbus flow. After all, the

liquid molecules only require a specific orientation in order to join the

i
b
1

crystal. The difference between the entropies of the two states is giveﬁ,

by
+ - # | | | :
A = AS; - (88, - R) | _. : : (2:1‘) _

where R is the gas constant. The enthalpy of the activated state of crys—

activation enthalpy needed to cause a molecule to Jump away from its sur? '

roundings in viscous flow. This latter activation enthalpy is smaller

assume that

. where ¢ is less than one.

B. Liquid inclusiothheony;

Edie and Kirwan (12) and Edie (L4) suggested that the.cause of
apparent nonfequilibriuﬁ during crystal growth is the'purely mechanical
entrapméﬁt of liquid Betwéen dehdritic ﬁrbjections of solid that form on‘b
the interface as it ad#ances; The& assumed that the initial solid phase

has the thermodynamic equilibrium composition. After trapped liquid in-

- clusions fréeze, the crystals, they assumed, are‘actually’composéd of tﬁo

solid phases. The averasge composition of such a finely divided structure

will of course lie between those of ﬁhevofiginal interfacial liquid and =~
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Js;

the'equilibrium solid{% Flg; lﬂshowshthe growth model propcsed by theee_
Workers;;:Thevcells and_dendriﬁee-at'the ihﬁerface represent the break-
dcﬁh,of the_planar.ihterfacevan&.its'dlstorﬁioh into. a columnar strﬁcture
The spacing R of the cells 1s a characterlstlc of the breakdcwn of
the planar front and is -determined by the varlablest m, K », Dy, and U |
v(the klnetlc growth coeff1c1ent for the partlcular crystal growth plane)
‘ Studles in metal systems (22) 1nd1cate emplrlcally that the radius of a
dendrlte, r, grow1ng out from each cell is proportlonal to (vy Y 1/2 ,
kl' 

w2

where kl’ k2 are assumed to be - functlons of G m, K . D and U but not of N

+vk2j . o B (23)

growth veloc1ty or llquld compos1tlon. Therefore, the fraction of the
’grow1ng interface whlch is actually.crystall1ne 1s¥approximately equal to
“the ratlo of the prOJected area of the solid columns to that of the entlre

base, ' R » 2 ‘ Kk

B (wy )ME P

It was assumed that the ,erystalline portion of the interface was in equil-

ibrium with the interface liquid,

xc-= Kéyi St . 4 o ' . (25)
'Therefere, the inferfacial solid concentration is’

oTxgE AWy . (@6)
The'effective'distribution coefficient at the interface. is given by the

1
7

. . [N | il
equation, ' L 0

N{

£ §E'=,¢(Kg -+l o (e
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Rearrangement of'Eq.-(27)vand'substitution for Y yields,

: Kelh;.ii.. 1 . _Eg ) o . | (28)
N

"'for a blnary system formlng an equillbrlum solld solutlon.-'

" In order for llquld to be occluded in the growing crystal the -

planar growth front must break down. Rutter and Chalmers (23) explalned

: the condltlons under whlch ‘8 planar 1nterface would break down 1nto a

cellular structure. The breakdown of the 1nterface 1s caused by the inter-
actlon of temperature and d1ffus1on fields. Chalmers (lh) also stated
the crlterlon for stable planar growth at steady state as:

my(l-K)
>
= D

<l@

(29)

where G = 3: » the 1mposed temperature gradlent,
m L, slope of the llquldus llne,‘ and
YD s d1ffus1on coefflclent 1n the 11qu1d phase.v-

ThlS crlterlon has been verified on metal systems (11,24 25) Klr-

'wan and Edle suggested normallzlng the first term of the right hand 51de

in Eq, (28) by applylng this crlterlon For a 51mple eutectlcvsystem with~
out solldbsolutlon (Ke_= 0), the crlterion of the planar interface breaké
down is approximately: | |

~<V¥;>;ri; 3 % e | o (36)”'
This is not qultexthe crltlcal veloc1ty abovevuhlch the planar 1nterface .
WOUld break down but dlffers by 8 factor of y /y . Thls ratio is expected '

to be a llttle dlfferent from unlty at the break point. ‘The final equatlon
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of the Liquid Inclusion Th'e‘o-ry is given by:

o 7 ok,
/ K-1 _ 71 Yo erit, + -2
K_-1 R (Vy ) R

o N

x

where k]'_ = kl/(VyO) is a function of G, m, K, D, and

(31)

g
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'IIIJ DESCRIPTION OF EXPERIMENT

- The experxmental method was selected to be able dlrectly to ob—

_ serve 1nteriace phenomena durlng the growth of a solld from its melt.

For many. years people trled to flnd a method w1th Whlch they could deter—
mine the 1nterfac1a1 concentratlon and temperature, but none of them was

very successful untll Berg (26) and Bann (27) employed an optlcal 1nter—

-ference method for the observatlon of concentratlon patterns around crys-

‘tals as they grew in a supersaturated solutlon under a microscope. Con— v

sequently, Klrwan and Plgford (h) applled thls method to observe the crys—;”
tal growth from organlc melts.” In 1sotherma1 growth however the 1rregu-

larlty of the 1nterface shape makes the experlmental measurement very

' dlfflcult. Jackson et al. (28) de51gned a temperatureegradlent mlcroscope

‘stage (T.G.M. S. ) to overcome this problem. Recently, Cheng and Plgford

(5) modlfled Jackson s T G M S. and 1nvest1gated the 1nterfac1al rate
phenomena of crystal growth qulte successfully

Slmllar methods have been used (29 30) for the determlnatlon of
the d1ffus1on coeff1c1ents from the curvatures of the frlnges observed
during the mixing of two llqulds.

7_The'principle of the interferometric method canvbevexplained from

- Fig. 2. The llquld melt 1s held in ‘an optical wedge, formed by two par-v |

'tlally coated slldes, set on the temperature—gradlent stage. A parallel

monochromatlc light beam passes through the optlcal wedge which is par-
tlally reflectlve. Whenever the optlcal path length dlfference between
the reflected ray and the orlglnal ray 1s an 1ntegral multlple of the wave—'

length of the 11ght, relnforcement occurred and brlght frlnges appear.‘

L
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Dark areas result from the destructive interference . The fringe patterns
were observed under the microscope and photographed. The condition of
reinfornement is given by the equation,
AON

tn = - (32)
where Ao is the wavelength of monochromatic light,n is the refractive in-
dex of the liquid in the wedge, t is the thickness of the optical wedge,
and N is an integer. The product of wedge thickness and refractive index
is constant along a fringe. The spacing between two straight fringes is
d = Xo/2n8, where 0 is the angle of the wedge in radians. The larger the
wedge angle the narrower is the spacing between two fringes. As long as
it provides a clear and readable fringe pattern, the angle of the wedge is
not very critical.

A. Description of Experimental Apparatus

An overall view of the apparatus is shown in Photograph 1. The

major items consist of:

A,B-6 Constant temperature ice bath for cold Junction of
thermocouples.
B-4 "Batt-Sub" constant voltage supply for K-2 potentio-

meter with output 3.0 VDC at 24.4 m.a. by Dynage,
Inc., Hartford, Connecticut.

B-5 Standard cell for K-2 potentiometer, the Eppley Lab-
oratory, Inc., Newport, Rhode Island.

B,C-2,3 E.M.F. recorder, Type G, Leeds and Northrup Company.
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Overall-view of experimental apparatus.

Photo |.
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D~2,3

D-9

E,F-2,3
E,F-7,8,9

F-1
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Leitz Research Microscope Ortholux and Leitz Ariso-
phot stand for photography consisting of large base
plate, vertical camera carrier on twin columns with
adjustable prismatic bar, Leitz focusing attachment
with horizontal telescope, Letiz holder for Polaroid
camera back, Model CB 100.

Microvolt Amplifier 935B, Leeds and Northrup Company.
Temperature gradient microscope stage. A detailed
description of this stage is given in Photo. 2.
Quantum Physics Model LS-30 He-Ne gas laser with in-
tegral power supply. Unit provides a standard wave-
length of 6328 A coherent, monochromatic light.
Multichannel E.M.F. Recorder. Leeds and Northrup Co.
Leeds and Northrup K-2 Potentiometer. -

Constant temperature ice bath for cold stage.

Detailed description of the temperature gradient microscope stage

in Photo. 2:

1) Teflon boat with optical wedge.

2) Cold stage.

3) Hot stage.

4) D.C. power supply for the adjustment of D.C. clock motor.

5) Quantum Physics Model LS-30 He-Ne gas laser.

6) Polaroid camera Model CB 100.

T) Ice bath for thermocouple junctions.

8) Leitz Research Microscope.
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The T.G.M.S. ie shown in’Photo. 2. The thin optical wedge con-
téining»the meterial under investigetion was set on a Tefion boat and
moved by a motor"ever adjustable plates'whieh were held at different nem—
peratures. The wedge or boat speed was adjusted so that the‘interface
was stationarj with respect to the microscope objectire lene e#en though
the wedge or_boat and interface were moring;

The-cdld and het'plates were»made from aluminum blecks:3/8‘inehes ’
thick. They were placed at the left and right of the stationary mount ,
which could be adjusted in'position with the microecope's mechenicelIStege.

_The hot plete had e small heater (nichromeiwire weund on & mica;
sheet) inside thevaluminum block.' The cold plate contalned 8 U—type hole
connected to a coollng c01l set 1ns1de the ice bath.

Water flow-lnto the cold plate was first ceoled in an ice bath to
.maintainvthe stage af & constant temperature.'_Tne‘ninimum temperature of
5°C could be obtained. o | |

The Qpen slide optical ﬁedgekused by Cheng (31) was modified.to'
pre#ent'evaporationvend air cohtémination of epeeimens. It consisted of
two partially eluminized slides glued on a fixed%angle TeflonAboat as
shown in'Figf 3. One slide was fitted and fastened'with epoxy resin into
the frame of the boat fron below. It formed the bottom of the Wedge.

The other fltted on the top of the boat at a flxed angle to the bottom
v'sllde. There were twovsmall holes: in the-front of the Teflon ‘boat. One
was*usedvto inJect the melt into the wedge. A very fine, callbrated cop—
perconstantan thermocouple made from wire- 0 002 1nches in dlameter was

inserted from the other hole 1nto the wedge, perpendlcular to the directlon
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of.motion. A lead screw connected to a digital counter turned by a small
motor was fltted 1nto the yoke at the rlght end of the boat. As the screw

advanced the boat moved horlzontally toward the cold plate under the

mlcroscope objective; The growth rate was determlned by the readlng of

the dlgltal counter whlch was drlven by the motor.
Different growth rates were obta;ned.by mov1ng-the_ﬁedge at dif--
ferent COnetant-speede. The temperature gradients in the v1c1n1ty of the

solid-liguid 1nterface could be varled elther by changlng the distances

- between the plates or by alterlng thelr temperatures..

If the crystal 1nterface was not perpendlcular to the direction
of the movement of the optlcal wedge, the growth veloc1ty of the 1nter~
face was calculated from the motor moving speed by con81der1ng the angle
between the two dlrectlons. ‘ |

B. Sample Preparatlon

The molecular structures of salol (phenyl sallcylate) and thym013

(3—p cymenol) are shown below:

O

C—0
OH

salol : . , v thymol

They form a single eutectic system and were selected for the
growth rate experiments for three reasons. First, the refractive indices
of the pure materials differ substantially and prOVide-a sensitive fringe

shift.for small changes in concentration of the mixture. Se€cond, the
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mélting or freezing points of the mixtures lié above room temperature,

avoiding refrigeraﬁion requirements. Third, the phase‘diagram is avail-

able (32). ' ‘ . o | <
| The salol and thymol were obtained from the Eastman Kodak Organic

Chemical and DuPont Companies, respectively. The sélol was purified first

by repeated cryétallization from methanol‘and thén byfzone—fefining usingl

a Fisher ione refiner.: F&néily it wés'dégassed iﬁ a'vacuum Jjar. The

thymol was purified‘first'by repéated Crystéllizafibn froﬁ sﬁectro—grade”

acétone, then a procedure was applied‘Similér:to.£hat ﬁéed.for_salolL ‘_

c. ExperimentalﬁProcedﬁresw

The éoid‘and hot stages'werélfirsf bfought_to thé stéady temperq4
tures needed for an& desirédntemperature gradient;' Thé ﬁeasuremgnt of‘the
wedge angle Qas carried out by focﬁéing on fhe scfaﬁches'dn the fécing'
sﬁrfaces of both slides. The measured angle-checkéd.ﬁith the known angle
of thévTefl§n boat. | | |

 The-melt hed been previously preﬁaied by weighiﬁg samples.of‘each-_
pure cbméonent into a viéi,.melted “and agitéted until ﬁell mixed.' A.
small_portion of the melt was injected into ﬁhe wedge from a small heéfed
syringe. Several minutes.were allowed to reach thermal equilibrium with
the glass'élides; Crystal;ization was initiated by ihtroducing a small
seed crystal into the.“ hole at the cold side bf the Teflon boat. - Then the'_»
motor was tufned on to‘push fhe‘Teflon boaf farther toward the cold plate.
The mbving cr&stal was>keptvsteadily in vieﬁ throﬁgh the microscope by - - | -
adjusting the motor setting until a constanf rate Was'obﬁained. Tempera-.

. tures were measured at different positions of the bptical wedge and

L .



positions ef'the solid—liduid interface. Plctures of the frlnge pattern
at the interface were taken for further analys1s.

Sometlmes trouble was encountered owlng to the instability of the
interface speed. In some experiments the interface moved somtimes fast |

and sometimes slow. When this occurred the average_velocity was used.

1. Data Analysis
The meltlng p01nts of pure salol and thymol measured by the author

agree well with the literature (Table I)

TablelI

Meltihg Temperatures of Pure Salol and  Thymol

Substance . Measured S Literature
: - OC ) . OC
salol  12.20 £ 0.05 2.5 (28) |
- Thymol - L9.80 # 0.05. o 49.7 (28), 51.0 (29)

The-phaee disgram of-salol—thymol system'as giveh by Timmermans_(32)'isv
ehoﬁh by the solid line in Fig. 4. The dashed line givesour carefully
meaeured values, which are g little different. Our values were used ihh:a
the subsequent calculations.

Slnce the llquld 1n the optlcal wedge was of unlform refractlve
ilndex before the crystalllzaton, the fringes were stralght and parallel.fv

. The compos1tlon of the solld freez1ng out was dlfferent from that of the

v

orlglnal llquld ow1ng to the flnlte diffusion rate in the llquld phase.'
The llquld comp051tlon at the solld~11qu1d 1nterface was different - from

that of the. orlglnal llquld far from the 1nterface.
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- The refractlve 1ndex Wlll therefore vary from ‘the 1nterface to the

bulk llquld, resultlng in a correspondlng frlnge bending near the 1nter—v

face. Thls.dlfference.1n'the.refrect1ve index can be calculated by meas-

uring the fraction of deviated fringe'displacement‘at.the interface, AN,
along a fringe, as given'in the equation,

| A; = EQ;AN | o -r(33)
Part of this AN may be;contrihuted;byvthe temperaturé rise at-the inter-
fece due to the latent heat‘release7caused-by freezing. The residual'part'.
is due to the concentratlon change.v The variation of refractive index |
w1th temperature could be measured by crysta111z1ng the pure substance on‘ ,

the T G M. S.. The refractlve 1ndex of the pure materlal is a linear func-

tlon of temperature in the range we are 1nterested in,

n = a t bT o o (3)
where a, b are constantSs'The:refractive-index change was due to the
effect-of'temperature_ : -
An = DAT . | ' -(35).
Substituting Eq. (35) into Eq. (33), at the interface,

ATi —.bko AN . : | | _ (36)

a. Interfacial Temperature; Liquid temperatures neer the advancing inter—

”fface were measured u51ng the. thermocouple whlch was 1nserted into the op-

tlcal wedge as descrlbed before., The Junctlon of thermocouple moved w1th

the wedge, but at steady state the crystal 1nterface was flxed relatlve

to the mlcroscope obJectlve.» The temperatures measured at dlfferent tlmes:

‘therefore correspond to different dlstances from the 1nterface. The
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interface tempereture was foﬁhd by extrepolating the best—fit line to the
interface. A correlation was applied to. compute the'actual tempereture
at the interface, based on the.observed fringe ehift of pure‘materials
under the T.G.M.S.

b. Interfacial Liquid Concentration. For the blnary melt the llquld

refractlve index is a functlon of concentration and temperature,

n = £(T,y),
dn—a—n ay + 2By ar | - (37)
oy ' T ATy T : - 7

At the solid-liquid interface the refractive index change is given,

- on
oy

on

An = )TAy +43—T_yATv. R (38) .

Substitutinngq, (33) 1nto Eq. (38) and rearranglng the interfacial liquid

concentratlon is ‘given by the equatlon,
A

v o - Ny a
el | L S e ¥ (39)
Y _ Yo = ©dmy - : : -

where AN andeTi gre_measurable_quanfitiesnfrom>the exéefiment and the two
partiel derivatives cen be determined for the solutions.

At this p01nt, it may be well to emphas1ze that the frlnge Shlft,v
AN, at the 1nterface was measured by a very prec1se mlcroscope machine
orlglmal.deslgned for the tracing of the tracks of elementery particles in
cloﬁd eﬁembers_at Lawrence BerkeleydRadiaﬁion'Laborefory. The ecéﬁrecy of
the measured AN depended only;oﬁ the resolution of the picture taken from
the Polaroid film. |

In some-measumemeni, trouble was encounteredvdue to'the obecurity

of the fringes at the interface and the uncertainty of the interface




positibn}‘ This‘may bezimproved by ueing high resolution?film or by em-
ploying a thlnner optlcal wedge with which it would be ea51er to focus
almultaneously on the crystal face and the frlnge patterns.

C. Interfac1al SOlld Concentratlon.‘ The concentratlon of-the.solid at

the 1nterface is difficult, if not impossible, to measure directly during
the experiment. But it can be computed from the concentratlon gradient in
‘thevllquld phasé near the 1nterface. _Th;svwas done by uslng>a mass flux
--balance eq;atlon at the 1nterface. Chooeing'theffreezing interface as |
'statlonary, if V is the freezing rate of the crystal the veloc1ty of the
melt caused by freezing is V(p /pL) | | | |

Assumlng that solld—phase dlffusion 1s negllglble, the.en;y dif-
fusion flux 1s the one 1n the melt DpL(gl? .'-The'convective flﬁx inte
the 1nterface is Vpsyi; the flux outward from the_inte?fece is YQSXi.

This leads to'the‘equation,b

D EI~‘L> ~=v<-—"‘f~><y.*-lx.)** S (w0

dz’z=0 o i
where D is the binary llquld diffu31on coefflclent v is the measured
growth veloclty, z 1s the coordlnate perpendlcular to the 1nterface, and
p's are den31t1es .of liquid and solid phases. All terms are evaluated at
the interface temperature. |
The interfacial concentratlon gradlent ( ) in the llquld phase
was computea by con51der1ngithe geometry 1nvolved in the 1nterferograms,_“
“'as shown_ln_Flg. 5. This was.derlved by Cheng.and Pigford (30)’who'obé :
taihed’thé’equatibn,II" N “ | | |
E%JZ-O, , "o dzw‘FO o oo (b))
- 2st, cosa[51n8 + E;QV=OCO§BJ(§§QT S :
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where S is theé fringe spacing measured in-the Y direction. Ther—w coord-

inate system has its origin in the interfacé. The v-axis is parallel to

dW)

the fringe at v = . All the quantities s, a, B,'EF were measured

v=0
‘using'the_pfecise instiument;méntioned‘previOuslj. - Tt may be well to em-
éhasize that the slope of thé frihge line at the interface %¥0v=0 was
‘computed by measufing at least sevén differént poihté aiong one fringe
near the interface in V- éoordinatés. A polynomial curve-fitting program
was'ﬁsed to find thé.fringe—curve equatioh and its slopé‘at the iﬁterfgéé.
four fringes.were measured. The avérage'value of %%Jvﬁo was ﬁ;ed to caie

culate the cohcentrationvgradient.
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IV. RESULTS AND DISCUSSION
' The crystals solidified from the liquid mixtures in the salol and

thymol system were observed using the interferométric'technique deseribed

in Chapter III. More than 300 Polaroid Type-107 pictures were taken. At

least 50 ekperimentél runs were carefully carried out.

In this'chapter,'typicgl friﬁge pétterns‘andléxperimental results
for the saloel-thymol systém are presented; The heat and maés transfer
phenoména as well as interfécial'stabilifyvdf crystallization will be
discussed.' Thé validity of the experimenfal'results will be discussed

with regard to the-pdssible error in the experiments. A quanﬁitaﬁive

compérison of the result$ with the Absolute RatevThéory and Liquid Inclu-

sion Theory will be made. |

A.  Interfacial Teﬁperaturé Rise

. The temperature rise at the interface is a function of'the growth

velocity, the local thickness of the wedge, and- the applied temperatﬁre

gradient. The interfacial'temperature,rises'observéd at various tempera-

ture gfadientS'are listed in Table II.
Table II

Observed Interfacial Temperature Rises Above Extrapolated Straight Lines

Substance Growth Veldcity. Temperature Rise, °C
_ A se,

© cm/sec e ’ A -
' Isothermal | 4T _ . o ar _ o
Stage (30) | ax. 20 °C/cm . an Lo °C/em
Thymol | 1.0 x 1075 | 1.5 1.6 ‘ 1.7

Salol 1.5 x 107> 2.0 ' 2.1 2.3
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The relatlon of the temperature rise, wedge thlckness, andvgrowth.
-veloclty are presented in Flg. 6 for pure salol and in Flg. T for pure
thymol at a: moderate temperature gradlent (20 °C/cm) : These two figures
were used to estlmate the 1nterface temperatures occurrlng w1th mlxtures.v

VB; Interferograms - | - |

Typical obserVed interferograms of pure salol:and thymol are shown
,in Photos} 3 and 4. Fringe patterns observed W1th blnary melts are presented
.1n Photos. .5-9 for different comp051t10ns at varlous growth velocities ‘
and - temperature gradlents. | -

| Since the refractlve index of the pure salolvmelt is hlghervthan
that of the thymol melt, growlng & crystal from a- melt r1cher in salol _'
'results in decreas1ng the 1nterfa01al concentratlon of salol, consequently
decreas:.ng the refractlve 1ndex of the binary melt at the 1nterface. The
bfrlnge Shlft will move toward the thicker slde of the wedge. For a thy-
::mol-rich mixture the fringe shlft w1ll be in the opp031te dlrectlon, as
fWe can see from the photographs. | |

Nucleatlon of gasvbubbles on the»interface occurred'during the
freez1ng of melts contalnlng ‘dissolved gases. The éas bubbles inhibited
the growth of the solid crystal beneath the caps of the bubbles and v01ds
were 1eft in the solld as the 1nterface advanced. At rapid freezing rates
~an array of bubbles was. formed ThlS is shown 1n Photo. 4 for salol growth
' from the pure melt.‘ Thls defect was prevented by dega381ng the samples
wbefore crystalllzatlon. ‘

o Accordlng to Jackson et al (16) ‘the roughness of an 1nterface Y

4

’ depends on the entropy of the transformatlon and on the crystal face type.
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of Pure Thymol at 20 °C/cm.
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(@) V=1.43xI0%m/sec, T.6=42.5 °C/cm

(b) V=2.81x10"%m/sec, T.6.=42.5°C/crm

ystal growing from pure Thymol.

Photo 3,

XBB 725-2433
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(@) V=9.51x10%m/sec, T.6.=41.5 °C/cm

(b) V=1.03x10cm/sec, T.6.=4 1.5 °C/cm

Crystal growing from pure Salol.

Photo 4.

XBB 725-2435
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(¢) V=4.94x10 %t m/sec, T.G.=27.4°C/cm

Crystal growing from Salol-Thymo!
melt in 5 mole % Salol.

Photo 5.

XBB 725-2434
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(b) V=4.45x10%cm/sec, T.6.=26.,5°C/cm

(¢) V=9.12x10*cm/sec, T.6.=13.9 °C/cm

Crystal growing from Salol-Thymol
melt in 10 mole % Salol,

Photo 6.
XBB 725-2438
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(¢) v=323x10 cm/sec, T.G.=16.7 °C/cm

Crystal growing from Salol-Thymol
melt in 15 mole % Salol,.

Photo 7.

XBB 725-2432
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(a) V=1.19x10*cm/sec, T.G.= 12.0°C/cm

(¢c) V=667x10%m/sec, T.G.= 5. °C/cm
Crystal growing from Salol-Thymol
melt in 90 mole % Salol.

Photo 8.

XBB 725-2436
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(@) V=3.11 x10%m/sec, T.G.=17.5°C/cm

(b) V=1.16x10*%m/sec, T.G=229°C/cm

(¢c) V=6.71x10 % m/sec, T.6.=29.7 °C/cm

Crystal growing from Salol-Thymol
melt in 95 mole % Salol.

Photo 9.

XBB 725-2437
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Cioseepackedlfaces, having smaller entropies of fusiou :are smooth. Other
faces gre rough. It was not clear which crystallographlc faces were grow-
ing during the experlments. In general, at low supercoolings the crystals
grew with Well—defined faCes. As the supercoollng 1ncreased the growth

front became ‘more 1rregular and faceted

c. Appllcatlon of the Absolute Rate Theory

1. Pure Salol -and Thymol

-The - Absolute Rate Theory for crystal growth from a pure melt with.
a screw: dlslocatlon mechanism on the surface was expressed in Eq. (8) of
Chapter II,

% +
-AHC + TASC

= () (x B >< 5 (BT )e@<T—> (8)

show1ng that the grouth velocity is approx1mately proportlonal to the

- square of the undercoollng.. It is often used as a test of the postulate
that growth oceurs by the screuvdislocation mechanism, Fig.78 and Fig. 9
show 'the'ekperimeutally-observed grouth velocities for pure salol and
thymol, resﬁeetively. The data of these pure materials are listed in
Tables III and IV and plotted in the form of growth velociﬁy vs. the
 square of ﬁhe undercooling; The short lines through some of the’ data
points represent the spread of measured interfacial temperatures when
more than one value was obtained at very nearly the.same growth veloci-
ties; the data points.themseives represent the average value of the square
'of the undercooling. The scatter of the data on these figures is prlmar—‘
ily because of the uncertalntles in the measurement of the .interfacial

temperatures.
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In order to test the theory that.velocity is proportional to the
F
square of undercooling, we evaluated the forward. rate coeff1c1ent k

'u51ng Kirwan and Plgford s equatlon for entropy of actlvatlon,

88, = 85 - (Asf -R) . o | (21)

We approximated the enfhalpy of activation by,

mg = omd, . (e
By chooeing c = 0.66 forveelol and e =.0.66 for thymel, we can obtain
etraight lines passing thfough the date points. For salol crystalllzatlonv .
the theoretlcal curve is in reasonable agreement with the experimental
data It seems likely, therefore that the pure salol crystals grew by
the screw dislocation mechanlsm. The comparison of the experimental kine-
tie relationsrepresenting-pure salol data availsble from the literature _
are listed in Table‘V. |

| Table Ve'

Comparison of fhe Kinetic Relations for Pure Salol

 Author(s) , ~ Empirical Relation Observed

Pollatschek (33) ’ 8 x 107° Ai2’6

Neuman and Micus °(3k) | 1.56 x 107° AT2'3 )

Danilov and Malkin (35) ' 5.2 x 10‘2.ex§(-7020/TAT)

O#sienko and Alfintsev (36) . ﬁ 6 x 1077 AT® |
-b,0.98

De Leeuw den Bouter and HeertJes (37) 2. 28 X 10 AT
Hllllg and Turnbull (19) _ - L4 x 10 ATl -7

This work _ — 2 X 10—5 AT
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The theoretlcal prediction of the crystalllzatlon rates for pure
thymol free21ng from the melt agree well with the experlmental data at
low undercoollng, at hlgher undercoollng the data are somewhat scattered.
Again this is due to the uncertalntles in the 1nterfac1al temperatures
and possibly because screw dislocations.may no 1onger exist at the higher
undercooling due to a change of the surface morphology.. Evidence in sup-
port of the screw dislocation growth mechanlsm for salol and thymol has
been obtained by Amelinckx (38,39) from direct observation of spirals on
the face‘of thymol.andlsalol which were grcwiné from.the melt and from.
various solutionsr

The degree of undercooling for a given growth rate‘for salol is
smaller than that for'thymol This dlsagrees w1th the conclu51on of
Sharp (11) that for materlals hav1ng a large entropy of fusion, the under-
coollng at a given growth veloclty is greater than that for materlals
having a small value of AS Th1s dlsagreement is probably because thec

assumption of equal atomlc moblllty is not valld for this system. Al-

- though -salol has a grester entropy of quIOn (14.8 cal/mole-°K) than

thymol (12.8 cal/mole-°K); thymol molecules apparently have higher mobil-
ity then salol molecules do.

2. Binary Mixtures of Salgl;agﬁ;ihwmcl’

In Table'VI are presented the growth velocities and interfacial
conditions for five constant values of the llquld mole fractlon of salol

at a'great dlstance from the crystal 1nterface. Measured and calculated

'quantities necessary for the computatlon of the interfacial concentratlons

are listed in Table VII. The mole fractlon of salol 1n the l1qu1d at the
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interface was obtained from the fringe shift at‘the interface and the orié
ginal composition of meit, as expressed in'Eo. (39).of'chapter III.

Some auxiliary erperiments werelperformed to test an assumption
implied in Eq. (39), that the:originel'liquid concentration_vas.constant v
throughout the experinent'even though SOiids_with different.concentrations;

were'continuously freezing out of the liquid. Samples of the SOlld phase

were measured w1th an infrared absorptlon spectrometer. The concentration

of the solid after crystalllzatlon was measured at dlfferent positions
parallel to-the grow1ng dlrectlon. (It was found that the concentratlon
gradient across the solid phase was not apprec1able ) The change of bulk
llquld concentratlon during the experlment was negllglble. Therefore,
using the constant bulk-liquid concentration in Eq.{(39) was quitevreason—
able. The solid comﬁOsition at the interfacevnas calculated fromvﬁqrv(hO)
using measured‘velocity, the observedsiiquid mole fraction at.thetinter_f,

face,'énd the mole fraction:gradient{

The observed llquld and solld 1nterfac1al concentratlons are plotted

in Flg. 10 for thymol—rlch mlrtures and in Flg. 11 for salol—rlch mixtures.
For thymol—rlch mlxtures the 1nterfac1al llquld mole- fractlon of thymol |
fell sllghtly below the original liquid concentration; At the lowest
growth rate the solid interfacial concentration tended toward the equili-~

brium value. As. growth rate 1ncreased the deviation from equ111br1um be—v

came'considerable. At very hlgher growth rates the solld compos1t10n dlf—

fered only very sllghtly from that of the orlglnal 11qu1d. This observae‘
tion agrees Well w1th theory
The flgure also 1nd1cates that for thymol-rlch mlxtures the mass

transfer res1stance in the llquld phase is not the maln cause’ of the -
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failure to reach equilibrium.,-The observed salol-rich mixtures exhibit

a similar Phenomenon, except therevis an appreciable mass transfer resis~
tance in the liguid phase, resuiting in a larger difference of the concen—.
tration between the interfacial and bulk liquid..vNo doubt this liquid
phase resistance could be minimized by mechanical stirring.

Due to experlmental dlfflcultles, crystal growth could not be
executed at very slow rates. However, the equilibrium solid concentration
was not inconsistent‘with the dats, which could.be'eitrapolated to V= 0.
This suggests that 1n order to get very pure materlal from g slmple eutec—
tic melt by crystalllzatlon, a very slow growth veloc1ty is needed. . This
growth rate llmltatlon is a most serlousbdlsadvantage for the crystalllza-
tion process as g separatlon tool.

Although the measurements were carried out with great care, it is-
possible that the solid compositions obtalned from the d1ffus1on equatlon
were in error. ThlS will be crltlcally dlscussed later.in this chapter.

| It is possible. to compute the product of fA k from Eq. (18),
u51ng.the observed solld and liquid 1nterfac1al concentratlons and temperj
atures and_the growth velocities. The step density, f, for the screw dis-
location model can be computed using Egs. (4), (5), and (6),

1 4c AG e
T.2m T A5,

(h2)

where AG is computed from the llquld comp051t10ns and temperatures at the
interface and the physical propertles of the pure materlals, u51ng Eq. (20),

and assuming ideal solution behav1or in the 11qu1d phase. The 1ntermole—v
Vg, 1/3 ’ '
cular spacing As is estimated from As = (TT) » where N is Avogadro's

number, Therefore, kF follows directly. Theoretical values of kF can be

Ja—

o
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calculated from Eyring s theory, Eq. (2), and As and AHqt from Eq. (21)
and Eq. (22) w1th c = 0.66, provided X is known Assumlng X = 1 yields
kF = lOS, which is about eight oraers of magnitude smaller than the val-
ues obtained from the data for both pure salol and thymol. _Thus, in order
to reconcile the_data for the pure crystals with thoselfor thé solution
one may assume X = 10—8; | |

From Eq. (L2), the estimated'step density, f, for the screw dis-

-3 -3 for salol at

location model is about 5 X 10 ~ for thymol and 7 9 x 10
10 °c of supercooling.> Thus, the active s1tes on the crystal face at 10 °C
of supercooling correspond to less than one percent of the total surface.
It is,believed, therefore, that the roughness of the interface may not
affect thevéurface energy appreciably. - |

| Fig. 12 compares the experimentally observed solid composition and
the composition'predicted from Eq. (19) using c =‘O.66 (AHE = cAHt) and
vassuming xb= 10—8. The absolute rate theory is employed IThe'predicted
values are given in Table VI. Although the valldity of the assumption

that the velocities of the molecules of the minor constltuent contributed
very llttle to the overall systemv veloecity is uncertain at this point,

the agreement of the prediction from the absolute rate theory with experi-

ment is satisfactory.

Df Applications:of Liquid Inclusion'Theory
In order to test the llquid-lnclu51on theory, exten31ve 1nterfac1al
data are required At each growth veloc1ty one must krow the liquid and
solid 1nterfac1al concentratlons and temperatures. Data for<the.salol—_o
thymol system taken during the T.G.M.S. experiments were plotted in thed

form of Eq. (28), suggested by the theory (see Fig. 13).
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is about right qualitatively._‘HOWever,lthe tempersture gradients applied

The figure shows that the dependency of (

to the liquid phase near the lnferfacelhad no effect on the distribution
coefficient, in contrasﬁ with the theoretical expectatioh. With the eame
original'liquid concentrations the data fall on cne lihe,,regardless of
the temperafure gradient. The slopes of‘these lines are nearly the same,
which.suggests that (kl/R)~is neither a function of concentration nor of
temperature gradient; " The different intercepts of theee liﬁes suggest
that (k /R) depends on the llquld concentratlon but not on the temperature
gradlent. This is inconsistent with the theory.

The values of the slopes and intercepts of these straight
lines were used to calculate the radlus of the dendrltes growing out from
the interface. The calculated radii and tﬁe approximatelradii observed
dlrectly from the mlcroscope at the same growth veloc1ty, temperature grad—
“ient and 11qu1d composition are llsted in Table VIII

For 0.95 mole fractlon of salol at 30 °C/cm, the calculated radius
was about l60u at 10 h em/sec and 3h0p at_lO s,cm/sec growth rate, yvet
there was no interface breakdown discernible_through‘the microscope. The
resolution of the microscope is about lu. Also frcm the slope and ‘inter-
cept‘of the line at 0.9 mole fracticn of salol; we .obtain the fraction of
the interface thaf is crystalline, Y = 0.09, for a lofhcm/sec growth rate;
i.e.; only 9% of the interface.is solid; This isuinconsistent_with car:
observation. |

The values of‘the slopes.and interceptsi of the~straighﬁllines :

in Fig. 13, along with the observed growth velocities, interfacial liquid

concentrations and temperatures, were used to calculate the solid compositions -




Table VIII

Theoretical Derived Values of Radii of Dendritic

Projections Growing from'Crystal Surfaces

Growth-Velocity

Dendrite Radius, r, microns

cm/sec

Calculated Observed in
from Eq. (23) Microscope®
-5
10 340 <1
107 . S 160 <1
w073 —— 100

*One micron was the limit of resolution of the microscope. "< 1"

means that no dendritic features were seen. .
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using Egs. (23), (24), and (26). The results of these calculations are

compared with the solid compositions measured from infrared absorption in

Table IX. The theoretical values arevmuch higher,than those observed, as

shown in Fig. 1hL. This is probably because the theory overestimates the
radius of the dendrites, and the amount of trapped liquid--if either.phen—
omenon actually ocecurs at all. |

The visual appearance of the crystals Just behind the 1nterface
during the free21ng experiments 1nd1cated that the crystals 'did not con-

tain 1ncluded liquid. The imposed temperature gradient tended to make all
‘the crystal grains on the 1nterface grow at the same ‘rate. Thus, it was

very dlfflcult for liquid inclusions:to be trapped behlnd the 1nterface,_

even in the small 1ndentat10nsbetween adjacent crystals.v Just behind the

interface a contlnuous interference pattern could be seen in the solld as

well as liquid.

Data ﬁere also plotted in the linear-formisuggested by Eq. (31),
whichvis normalized based‘oh the criterion of interfaee breakdown. If the
theory and the planar interface breakdown crlterlon are correct all the
data p01nts should fall onto one straight line. Flg 15 shows that the
data are scattered. Although the data for each bulk llquld compos1t10n
fall near one stra1ght llne the theory fails to brlng all the data to-

gether as -it should.

There are other important factors,-such as heat transfer and mass'

transfer which may affect the stablllty of an interface during crystalli-
zation. These need some discussion.
The:important function of heat transfer on the process of crystal

growth from melts may be categorized as follows:
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‘Table IX

Comparison of Solid Compositions Computed from Flux'BalanCe with

Values from Infrared Absorption and Liquid Inclusion Theory

th.. *

o % : .

Run No. ) Xy X)
from from I.R.

 (em/sec) Equation (40) Analysis

™
*ai
from Liguid
Inclusion Theory

¥, = 0.15 mole fraction salol

©
36-01 0.7 0.0585. 0.065 + 0.021 0.1040
36-09 0.48  0.0kbko 0.055 *+ 0.032 0.0767
36-31" 1.03 . 0.092k4 . 0.103 # 0.02k 0.1110
36-36  1.92 0.1197 0.130 * 0.012 0.1450
36-38 3.23 10,1287 0.131 % 0.023 0.1330
Y, = 0.10 mole fraction of salol
b-05  2.06 . 0.0875  0.0910 % 0.011 0.0927
4-13 ¢ 9.12 0.0971 0.096 + 0.005 0.0975
- 0.1043

k=19 . 10.40  o.1027 0.103 + 0.012

*A semple calculation'is_shown in Appendix II.
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1) 'To remove the latent heat of fusion at the interface,

2, To control the shape of the interface by applylng a substan—_
tial temperature gradlent across the 1nterface.

The latent heat released by freezing is removed by heat eonduction
through the solld phase and by convective transport 1n the lquld phase at
the interface. The heat transfer pattern may affect growth kinetics and
therefore.the 1mpur1ty dlstrlbutlon

The interface of a growing crystal tends to he‘irregular without
a substantial temperature gradient across it} The presence of the den—
dritic substructure at the 1nterface would alter the 51tuat10n “thus alter-
ing the 1mpur1ty distribution.

Since the optical wedge made from glass siides moved slowly toward
the coldjstage, ae.described‘in Chapter III, there is possibi& a small
temperature dlfference between the glass and the llquld melt, even at the
steady state growth veloclty.- The lag of heat cenductlon from the alumi-
num stages to the slides and from’the siiaes to the melt depends on the_b
slide's Veloc1ty and the heat capa01ty, heat conducthlty and den31ty ‘
dlfferences between slide and melt. The temperatgreedlstrlbution is shown
qualitatively in Fig. 16. At zero slide velocity the temperature gradient
in the wedge is equal- to the difference between Th.and Tc divided by the
spacing between the stages. vAs velocity becomes larger the_temperatnre
profilevbecomes curved. A erystal growing-near.the-cold stage at very
high velocity experiences a larger temperature gradient than the nominal
value; near the het stage the oppesite is true.

Compnting the thermal displacement is a difficult mathematical

problem involving the differential heat transfer equation with a moving




Y N "ﬁ . -« '. e
o < o

- =T3-

increase

~ Temperature

Distance - » ':m‘g‘e

» -Quolitc}ive temperature *profiles,in,'th‘e' optical wedge

/ o

XBL 725-878

 Fig. 16 -



-Th

boundeiy. Fortunately, the growth velocity of the’salol end:thymol system
was slow enough that the theﬁmalvdisplacement was not of critical impor-
tarice in thds experiﬁent,-especialiy as tempefetures of the'liQuid were
measured directly with the fine thermocouple. The temperature gredients
listed in the tables of data were computed'ffom such_measufements.

The degree of separation\attainable in erystallization_from melts
'>depends on a variety of pa}ameters._ The most basie of these are thermo-
dynamlc, expressed in the form of a phase dlagram The phase dlagram of
the salol and thymol systems Fig. k4, indicates that the solid freezing :
out from the blnary melt should be either pure salol or pure thymol
However, the ideal’ equlllbrlum condltlon does not occur at practical rates.
The concentratlon of dmpurlty in the ecrystal becomes(con51derable as the B
growth uelocity'increases.' |

Since one of the objectlves of crystalllzatlon is to purlfy
materlals, the comp051t10n of the sOlld is .of practical importance. Thefe—
fore, the values of the 1nterfa01al SOlld concentratlon (obtalned by apply—

ing the 1nterface flux balance to measured veloc1ty, llquld concentratlon,

and concentratlon gradient in the liquid phase) must. be carefully examlned._

The solid concentrations were obtalned 1n this study primarily from the

'flux balance equation,
D a
=y, + .
¥ TV (dz)z 0. ,

(-—)

(43)

The solid concentrations calculated from this equation fell far from the .-
equilibfium concentrations, as shown in Figs. 10 and 11. The accuracy of .
the computed compos1tlons depends on the accuracy of the frlnge measure-—

ments and on the validity of this equation.

S




The ﬁmicroscéﬁe" machihe usédsz méasﬁre the fringe is Bélieved';.
to be very accurate. At most, 10 pefcént:érrér ié'expected when fringes
were somewhat 6bscure. In somé'gases‘the calcﬁlated solid:éomposition
iay rathef éque to the 6riginél iiqﬁi&vcémpositiqh.. This'isvprobabiy
because the trﬁe gradiénﬁ at the intérfé;e could not be"observed because

the region near the interface was obscure'and,thé position of the interface

uncertsain.

The IiQuid diffusivity and thevdensities uséd_in-Eq; (40) may be'
somewhat in error. Théy were not measured in this Stﬁdy. The diffusionj
coefficient was estimated ffom fhe empirical correlation of Wilke and
Chang (40). The densities were téken from Timmermans (41). It is be-
lieﬁed that the_prébablé-errors‘in these propeities can account for a
lO perbent uncertainty in the difference between liquid and sqliq mole

fractions.

B
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| V. CONCLUSIONSIf

There was non—eQuilibrium.at the phasevboundary during'crystal

growth from the meltsvat any practical grouth:rate.
| The absolute rate theory aevelobediby Kirvan and'Pigford, using_

the screw dislocation mechanism to compute the density of active sites on
the crystal face and assuming the energy ofvactivation for viscous flow'
to approximate the actlvatlon energy of crystalllzatlon was applled to
predict the growth ‘rates of pure ‘salol and thymol The predlcted values
~agreed well w1th the experlmental data for salol and thymol when AH#v=
0. 66AHV was used for both substances. The results confirmed that both -
.pure salol and thymol apparently grew from their melts: accordlng to the ,:
'screw dlslocatlon mechanism. o

A theory based on Eyring's eoncept was applfed to a simple hinary
eutectic system without a solid solution and approkimately accounted for |
thevobserved erystallizetion phenomena.-'The predicted solid compositionst
agreed well with the experlmental data prov1ded that the actlvatlon energy
for crystalllzatlon was estimated from v1scos1t1es. The solld concentra--.
tion depended upon the growth velocity, the 1nterfac1al liquia concentra—
tlon, and the temperature. |

The temperature gradlents whlch were applled to the interface were
found to. have no effect on the dlstrlbutlon coeff1c1ent. They did however affect
1nterfac1al shape and stablllty The crlterlon of planar 1nterface break-
down used for metal alloys was found to be not sultable for the salol-
thymol system.

No microscopic inclusions of liquid between adjacent crystals,Were

‘observed during the epxeriments, and dendritic projections from the faces




of individual crystals were not seen. The vériafioﬁ.of'soiid éémpbsifion
with the temperatﬁre gradient expected from the_theory.of.liquid inelu~
sions was not observed. |

Tt is concluded that,‘ in all probability, the obs,efved‘ deviations
of the solid compositions from their eQuilibrium'values are owing to the
presence of foreign molecgles in the crystal iétfice; réther‘thanvtheir
entrapment between pure grystéls in the solid phaseiv Thus, it was found
that because ﬁo microscdpic inclusions were oBserved, the liquid inclqsiqn
theory could not successfully be_applied; It is believed that the'absol;

ute rate theory is the most accurate in explaining the experimental data.

N .
SRR -
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Planck's eonstant, 6.6252 x 10

Goood mon
79~
'NOMENCLATURE

eonStant, less thah 1.

molar heat capacity, cal/g mole °C.

diffusion coefficient, square cm/sec.

surface step density, dimensiouless

dimensionless growth rate parameter, Aska/V..

molar free energy3.eal/gémole or'temperature gra&ient °c/em.

-27

erg/sec.

molar enthalpy, cai/gemole.v

v 1nterfa01al rate constant, sec'l, or Boltzmenn'svconstant,

16 erg/°K.

l 380&5 X 10
distribution ceefficient, dimensionless.
liquidus siope'in the phase diagram.
moieeular weight.

refractlve 1ndex of llquld.

crystalllzatlon flux, mole/sq cm—sec, or Avogadro s number,
23

. 6.0232 % 10 mole l, or integer in Egqs. (32) and (33).
redius of dendrite, cm.
‘critical radlus of two—dlmen31onal nucleus, cm.

AAgas constant, cal/g-mole—°K, or radlus of cell, cm.

1nterference,fr1nge spac1ng;,mm. -

bmolar'entropy;vcal/g-mole-°K»

thlckness of optlcal wedge at observatlon p01nt ‘mm.

t

temperature, °C or. °K

;average molecular velocity, cm/sec.
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v = freezing velocity, cm/sec, or molar volume, éc/gfmole.
V,W =-c§ordinates for interference fringe.

X = ﬁole fraction in solid phase.

y = mole fraction in liquid phase.

X,Y = coordinates for optical wedge.

z - = distance perpendicular to gfowing crystal face.

GREEK LETTERS

o = angle,bdegree.

B = angle, degree.

Y = liquid‘phase activity coeffi;ient‘qr éngle, degree.
n = viscosify?’pOise.

A ; interaxomic spécing; cm;

A_ = wavelength, 6328 A, for He-Ne gas laser.

o ,
u o= ghemicai potenfial, qal/g—mole, or kinetic growth coefficient.
p = molar density;ﬂg—mole/cc. |
o = interfaéial surface free energy,_cal/sq-ém.
X = trgnsmissiOn coefficieﬂt. |
Y = solid fraction at the interface, dimensionless.
- SUPERSCRIPTS
P = fofﬁaia‘process.:

L = liquid state property.

(¢]
]

standard sﬁate property.




R = reverse process.‘
#.=7activatea stéte property."‘
* = equilibriﬁm condition;
SUESCRIPT_S
IA = comﬁonénth;:miﬁér component;
B =v'c':om.p.onen’c‘ B, méjor component , either thymblbor salol.
C‘ =Vcrystallization activaeted state pfoperty.
c = crystaiiihe portion at the inﬁerface;lor cold étage condiﬁion.
é = ¢guilibrium condifion. | o
ex ='expérimental condition.
f = fusion'process.
h = hot stage condition.
i = interfaéial condition.
L = 1i§uid—sfate property.
m = melting‘frocess;_ |
0 = initial cgndition;'
P = -constant préssuré‘éondition.
S % solid‘state property.
T = constant temperature.condition.,f
th = theoretical prediction.
=lviscoqs;flow; aqtivatedfstgte proberty,’or

constant-volume condition.
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APPENDIX I

A. ngsical'Properties

1. Phase Diagram

The phase diagram of the salol-thymol system was given in Fig. h» -

.of Chapter II-from the data of Timmermans.(32). :Theimelting points of
dlfferent concentratlons were measured 1n th1s work by puttlng a small
amount of the llquld mixture in a vacuum jacketed tube. The rate of the
coollng'was controlled by evacuating the jacket. The cooling curve was
recorded from a small callbrated copper—constantan thermocouple 1nSerted

.1nto the sample The results are llsted in Table X and plotted with the
dashed llne in Fig. 4. These results, rather than the data from Timmer-
mans;_were-used as equillbrlum values for'the subsequent calculations."

Table;X

- The_Melting,Temperatures for the Salol-Thymol System

Mole Frection. B o S Melting Point, °c
- Salol S : — :
Measured © -+ Tinmermans (32)
0.05 | 45.9 + 0.05 R
0.10 - k2.5 + 0.05 RN
0.15 Y 39t . ho.2
10.90 - ... 37.5 £.0:05 - 36 6

10.95 S 39.9.% 0.05 . 39.&

\

‘ The‘crYstal»structuresvof voth substances were given by Flachsbart

(k2). Pure salol is rhombic with 12 molecules per unit cell snd lattice
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parameters a = 11.25 A, b = 23.5 &, ¢ = 8.10 A. Pure thymol is rhombo-
hedral with 6 molecules per unit cell and & = 11.45 A, o = T9OLL'.

2. Refractive Index

The refractive indices of pureemélte and.bina?y mixture were dir-
ectly measured by using a Bausch and Lomb precision Refractometer (Modelv
ABBE—3L). The results agree well with the values obtained by Cheng (1969)f
By using.a nonlinear pdlynomial cﬁrve-fitting subroutine program in the
L.B.L. Computer Center, the refractive 1ndex of the salol thymol melts,
as a functlon of the mole fraction of salol and temperature, was fltted
o by,the equation, . | |

, =

n(T,y) = 1.53428 - 5.56883 x 10” T + - 7. 95h3h x-1o'2y

+ 1. 71362 x 10 5yT +. l 1 x 10 6T2 - 1. 31182 x 10 2 2 N
where T is in °C and y is mole fractlon of salol.. The_refractlve in-

dlces of the pure substances were found to be linear_functions'of tempera~

ture,
1.5433 - L.666 x 10~'T
1.5273 - 4.2053,x 1o'hT

(]

Salol: n

_ Thymol: n
3f Viscosi£z
| The“liferatufe.falﬁes of viscosity, U, by'Jantsch (43) for saloig
and by Siavyanski (44) for salol, thymol and their mlxtures are listed in-
_ Table XI. These values were used for the necessary calculatlons of v1s—£'
jv cesity.aetlvaﬁlon energies and entroples. ' |
vh.‘ Density - |
| The densltles of the pure melts were taken from Tlmmermans (hl)

Values are llsted in Table XI for the approprlate range.
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Table XI

Viscosities and Densities of Pure Salol and Thymol

T o n C N e 4,
| s T N s T
?Cv ‘ﬁoise' poise poise ' g/cé. . glee
9.6 e — -—_ e 10.9816 (s)
25.0 = -;-: 0.216 0.200 SR —
o28.% Q.171v e e o . —
29.2 0.168 _— — o — —
30.0 -— 0.155  0.150 . —
32.8 0.137 e —_ —
35.0 — 0.107 0.110 . | —_
37.5 f ©°0.109 R— — e =
40.0 S pa— . 0.095 0.096 - — ’ ——
bi.7 0.0 — — L __;z
8.0 "‘;, 0.076 0.072  1.17858 (L) = -
45,10 - _-‘.0.¢79 S e _— | . ;.L;_' | R
50.0 ° — e 0.058 J— R—
51.4 e | _’ _— i e 0.9484 (L)
Sh.g e — — 0.9461 (L)
55.0 }-- B 0049 - 1;16951‘(L)' R

aV,isg:o.si‘ty‘_of salol melt by Jantsch (43); all values for liquid state.

bViscosities of pﬁre salol and pure thymol by.SlaNyahskyi(hh);‘all,Values
for the liguid state. ' ' - '

- ®Densities of salol andythymdl.giveh‘by Timmermans (41); values for the

solid are indicated by (8), fhose for’the liquid’by.(L).
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5. Diffusivitz
The Wilke-Chang correlation (40) was used for the prediction of v
the diffusivities at infinite dilution of éélol in thymol and thymol inv
salol. The correlationléuggested by Vignes (45) was aﬁplied to compute
the diffusivities of binary mixtures, B
Cng =, )%, )8 .
ST Togp “ong | i |
Thelrélationship (Du/T) ='cbnstant was used to correct the diffusivity for
otﬁer feﬁperatures. Téble XII listed the calculaﬁed diffusivities in the
saiol-thyméi syste@. -
‘Table XIT . T

Calculated Diffusivities of the Salol-Thymol System

Authors ‘ Temperature Diffusivity,'cmg/sec x lO_6
OC : D : . DO .
| °sT - °rs
Wilke-Chang (10) 21 ~1.25 0.77
Gainer-Metzner (46) ' 27 i - 0.80 : 0.67

Other physical properties of pure substances are listed in Table XIII.




-89~

.

| "} -oTow/Teo. ¢ £31ddEd yesy @ﬁpwﬁqu

o . o o
mﬂn\aw. gﬁ...nm.nmam

Mo |m.mms\,._,.uu e a8usyo hmonpdmw
"3o=9Tom/ T80 *oBweto Adreusuy,

. ..o,n.v Jwﬂmw.m.ﬂum&m&.m
20ST 96T 2l€S w92 onIg 1670 60°T - MWT g2l . 09T  g'6n  TomAul
AR 0°ST 881S gLz . 098l 2T G2'T 0 §'Te gt olow -2'em - ToTeS

. 0. o AL A T s . d I 'z W
M sV HV sV _ d d 0 sv HY b souBgysqng
°o % q# > # q #Y E ® D o a e ,
sduelsqng sang ayz Jo sarjxadoxg TeOISAYg  “IITX ST4BJ

®



-90~

APPENDIX IT

A. Sample Calculations

1. Measured Data for Salol—Thymol Sx§tem

All measured quantities u, 8 Y, s, t,, AN, v, (dw) y=0°> for the

computatlon of 1nterfac1al concentratlon gradlents and concentrations are

listed in Tables VI and VII of Chapter III. The fringe shift, AN, at the

interface is equal to (OB/OA) in Fig. 5 of Chapter III. The measured re-

fractive indices were glven in the fltted equatlon in Appendlx I.

Thus, |
%%-y_='-5.56883 x 10'h + 1.71362 x lQ-5y0:+ 2°2,x 1of6Ti
%ﬁJT = 7.95&3& x 1072 + 1.71362 x 10777 - 2.62364 x 10'2yO
where, T, = interfacial temperatﬁre in.°Q,
Yo = origihal.liquid concentration ih mole_fracﬁion'of salolj

2. Calcﬁlation of Interfacial Liquid Composition .

For experimental run 36-1,

Y, = 0.15 moIe fraction

Ao = 6.328 x IO-_h mm

v = O.TI X Id_h_cm/sec

t, = 0.4572 mm |

AT, - = 0.09 °C (from Figé. 6-and T)
AN = -3.085

T, = 16.I5 °c

%%{&.,= -5.18 x 107 o¢~1

Ay o oq.52 x 1072 .




: -, ) . .
. - f I 5 gt i . r
L R & A R 93 ‘i-,,—; VYO ,f.g

, f9i"

Eq. (39) of Chapter ITI, . o
' (6 .328 x 10~
2 X 0.4572

)( -3. 085) - (-~ 5 18 x 10~ )(0;09)

0.15

-
[t}

T 52 X 10

0.15 + 0.028

0,178_mqle fractipn‘of éalol.

3. Calculation of Interfacial‘SdlidfCompoSition _

Yy = 0.178
pg
o =1
"L S
D o= 1.123 X'10-6'cm2/secv{‘
o = 8.L43 degrees
B = 8h;58’degrees
dwy. .
dv)v=0 = -1.121 .
AN = -3.085
s = 1.51 % 1072 mm
ty = 0.4572 mm

From Eq, (1) of Chapter III,

6. 328 X 10 -k ,(-1 l2l)

- Q&) _
dg z=0

i

©2(1.51 x 10” )(o h572)(cos 8.43)[sin 8L. 58 + (~1 121)cos 8L, 58]

X

(7.52 x 1of2)
0. 7552 Gy T
~T.552 (caf * CL
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. _ bl
From Egq. (LO) of Chapter III, . o o ' S
' . - _ . |

1.123 % 10—6 x (_7.552) . B i

0.71 %X 10

>
I

0.178 +

0.0585 mole fraction of salbl

L." Theoretical Prediction of the Interfacial Solid Composition from

Absolute Rate Theory

yé =_O.15 mole fraction of salol '

y _ 10—8 o . : . : -
+ + ‘ N ’

AH, = clH; = 0.66 x 8140 = 5372 cal/mole-°K
+ , £ : . T - ,

Asc = A8y - ('Asf - R) = 26.4-12.8 + 2 = 15.6 cal/mole-°K

h = 6.6252 x 10727 erg-sec ‘

X = 1.3805 x 10716 erg/°K

T, = 16.15 °C = 289.3 °K

Eq. (2) of Chapter II,

-8 (1.3805 x 10716

F
KB _ 6.6252 x;10"27

(-5372,+ 269.3 x 15.6,

)(289.3) exp 2 % 289.3

= 1.12 x 105 '(:'::ec)-:L

Eq. (20)," -
AG = [ASf - ACP(l-— TBm) - an(YByB)]AT.
AT = 20.62 °K |

B\
AC (1 -==)=~0 - _ K . : o - .
P Tpy ‘ | o S L

YB = 1 v. o _ | : . . . ] ) :
AG = [12.8'-~2zn(0L15)](2o.62) o ‘

183.84 cal/molé;°K

:
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(42),
: 1 AG
f = ( )
l.2w TBmASf
£ o= — 183.84 = 1.61 x 107 -2
1.2 x 3. 1h X 309. 9 X 12. 8
Vg 1/3 R - 1/3
As = (EF' o= : 150'2 A 23)
. 0.98 x 6.023 x 10
= 6.3k ><‘lO—8 cm
fxsxg
&g~ ¥ | |
_ 1.61 x 107° x 6.3k x 1078 « 1.12 X 10°

0.71 x 10~
=161
(lé)'gf Chapter 1I,
_ BVt Vg
B 1t epyppe
L0178
yB ¥ 0.822'
¥y .=,Q'528

= 1.61(0.178)(0.822) + 0.822
"B T T 1 +1.61(0.178)(0.528)

= 0.931 mole fraction thymol = 0.069 mole fraction of salol .

‘5. Theoretical Prediction of Interfacial Solid Composition from Liguid

'Inclﬁsion-Theory

‘From Fig. 13 of Chapter Iv, ?"

b

0. 00129 (cm/sec) /2

[t}

®
ky
w708



Therefore,

Eq. (23) s

. =
k

gh-

-

== 9489%%2'= 0.00518 (cm/sec)t/?
2 ot

| I SR _
2 (0.1 % 107" x 0.15)1/2_

+1

il
]
<
+
‘o~
[
i
<
S
<
e

. =0

]
m .
e

(1 - 0.415) x 0.178

0.104 mole fraction of salol

T T -
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APPENDIX III

~ A. Infrared Absorption Anelyées”

'Crystals SOlldlfled from the blnary mlxture of salol and thymol
under T.G.M. S. experiment were dlssolved in the spectro-grade carbon—
tetrachlorlde and then these solutlons were analyzed by 1nfrared absorp-
tion.  The equation for.analy21ng blnary mlxtures-dissolved in solution is
based on the assumption that the absofhances.ef the individuel'speciee
are additive. _Frem Beer's Law,

. I, v B C L
A= 2n T = ale v _ - B (1)x;
where, A = absorbence | |

IO = input light intensity

]
[T

_ feutput light.intensiﬁy
aj= absorbfivity
£ = path lengfh
c = molaf concentfatien .
Let, o . o
Al = absorbance of_salol and thymel mixﬁure at wavelength 1
'A2 = ebsorhance of salo1 and thymel mixtnre-at wavelength 2
Sl = saloixat wavelengfh 1
-To.='thynol af navelength 1
82v='salol at wavelength 2‘
T, = .-thymol at wavelength 2 .

Therefore, at wavelength 1, o - K _

A ='a_ fe, + a_ L .  ;._ S (3)
1 :81 S : Tl T : -
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Also at wavelength 2,

A, = a. fe. + ar e ; . - ' (4)
A -
When  Eq. (3) and Eq. (4) are solved slmultaneously,

A aT2 - AzaTl

'Q/ (aSlaTg - aS2aTl )

as, - Ajag. _ ' : v
. = A 2~ P08 R T

T
2 a - 8m aa
.(aTl 82 To Sl)

 The Beclkman Spectrbphotemeter' Model 227, and KC1 liquid celle.with
1 om path length were used in thls exper1ment ' Pure salol and’ thymol spec—
tra were callbrated to flnd aT and aT at known concentratlons of pure

thymol in carbon tetrachloride solutions, also ag_ and a82 at known eone‘

1
centrations'of pure salol.

The absorbance of pure thymol and salol at the characterlstlc
wavelengths 2.8u (OH group of thymol), 6.0y (COO group of salol) and known
concentratlons are listed in Tables XIV and XV. v

let 2. 8u be Wavelength 1 and 6.0p be wavelength 2. The slopes Qﬁv

callbratlon llnes for thymol are,

S 2.11 X 102

o
i

o
I

8.58 x 10 - .
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Using run 36-01 (Table IX) as an example, the infrared absorption

analysis of the solution of solid grown in the éxpériment gave,

2=1ocm
A1 = 0.335
A2 = 0.0591

From Eq. (3) and Eg. (4y,

2
- (-0.0951 x 2.11 x 10 ) = 1.108 x 1o-y molar
-8.58 x 2.11 x 10

molar .

2
= (8.58 x 107 X 0.335) = 1.59 x 10-3
- 2.11 x 8.58 x 10

0
1

Therefore the mole fraction of salol in the solid is,

°s . 0.11 x 107

s T Cr (1.59 + 0.111) x 10

A = 0.065 .
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Table XIV

The Infrared Absorption of Pure Thymol

Molar Concentration ‘Absorbance
2‘.813.'_’ E ‘ ) ., : ,‘ 6.0u°
0.0002 - 0.060 ' : 0
0.0005 | 0.109 + 0.001 . 0
0.0010 0.210 * 0.002 o 0
0.0020 0.440  0.012 o 0
Table:XV

The Infrared

Absorpfion of Pure Salol

Mblar Conéentration : ‘Absorbajée
| 2.8 o 6w

10.0001 0.037 B | 0.0225 ¢ 0.0025 .
0.0002 0.038 } _v, | O-llOSji 0.0075 -

© 0.0003 o.ok0  0.02125% 0.0025
0.0005 0.038° . 0.3550 + 0.005
0.00075 0.039 | ', 0.590 + 0.005
0.001

~© 0.038 o 0.785 ¢+ 0.005.
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APPENDIX IV

FORTRAN IV PROGRAM LISTING



~100~

FRINGE»75405150000,468001sSHIH

*USERPR
RUN(S)
FRINGE.
EXITe.
DMP .

N
FACTOR
YlsY2
Y3
cLl
DINT
DTH.
DM1
DMR
Sl

' S2

TIME .
DELTI
YO0
TG

ST .

"SR
ANGLE
GR
TIACT
DIF
DNDT
DNDY.

DCDZ

LSQS

(jﬁ(\ﬁr\ﬁ(}ﬂ!Wﬁ(ﬁﬁ(ﬁﬁ(\h(\ﬂTWF\Df\ﬁ(\ﬂrﬁﬂ(ﬁﬂfﬂﬂ(\ﬁfﬁﬁfﬁﬁfﬂ\ﬂ

N aYal

TIEX

[ I I P T " TR TR

AsBsCHD

TEMPCA.

LI £ T | S T T N T (I TR '}

[T T}

L2222 28 82 22 3

THIS PROGRAM WAS WRITTEN TO ANALYZE THE FRINGE SHIFT AT THE CRYSTAL
INTERFACE FOR 'THE- THYMOL-SALOL SYSTEM AND CALCULATE ALL POSSIBLE VALUE
FROM THE TEMPERATURE-GRADIENTS MICROSCOPE STAGE EXPERIMENTS .

NUMBER OF THE DATA POINTS ( OR NUMBER OF THE PICTURES )
CONVERSION FACTOR FOR THE MAGNIFICATION OF MICROSCOPE )
Y DISTANCE OF. THE WEDGE ‘WHEN AsB AND CsD WERE MEASUREMED
Y DISTANCE OF THE WEDGE WHEN PICTURE WAS TAKEN
ORIGINAL LI1QUID CONCENTRATIONs MOLE FRACTION OF SALOL
DISTANCE BETWEEN CRYSTAL FACE AND THERMOCOUPLE ‘
DISTANCE BETWEEN THERMOCOUPLE- AND HOT STAGE -
MOTOR MOVEMENT READING WHEN THE DINT WAS MEASURED
MOTOR MOVEMENT READING WHEN EACH PICTURE WAS TAKEN
MOTOR READING WHEN BEGIN TO MEASURE THE. CRYSTAL GROWING RATE
MOTOR READING AT THE END OF GROWTH RATE MEASUREMENT
#%%#51 AND S2 MEASUREMENT HAS TO BE AT STEADY STATE GROWTH RATE
TIME. BETWEEN S1 AND S2 MEASUREMENTS
TEMPERATURE RI'SE AT THE INTERFACE DUE TO- THE HEAT RELEASED
AVERAGE SLOPE OF THE FRINGE CURVE AT RHE INTERFACE
TEMPERATURE GRADIENT IN LIQUID PHASE (THE SLOPE 'OF EXTRRAOLATED
‘LINE«?
DEGREE OF SUPERCOOLING
EXTRAPOLATED INTERFACIAL TEMPERATURE
- SLIDE MOVING SPEED, CM/SEC 8
ANGLE BETWEEN THE. INTERFACE AND VERTICAL LINE ON THE PICTURE
‘CRYSTAL GROWTH RATE ( SR*COS{ANGLE)) .
ACTUAL INTERFACIAL TEMPERATURE :
DIFFUSIVUTY OF THE LIQUID MIXTURE AT THE INTERFACIAL TEMPERATURE
"REFRACTIVE INDEX CHANGE WITH RESPECT TO TEMPERATURE
REFRACTIVE INDEX CHANGE WITH RESPECT TO CONCENTRATION OF SALOLv

CONCENTRATION GRADIENT OF LIQUID AT THE INTERFACE .
= MEASUREMENTS OF WEDGE THICKNESS FROM. ‘"THE FOCUS" OF " THE MICROSCOPE

SUBROUTINE PROGRAM FOR THE TEMPERATURE MEASUREMENTS
SUBROUTINE FOR THE LINEAR LEAST SQUARE CURV FITTING

*****#******************

PROGRAM -FRINGE L INPUT,OUTPUT)

OIMENSION Z(SOO;ZO)oY(SOO:éO).X(SOO,ZO)oSXl(ZOO)ySXZ(ZOO):SXB(ZOO)

190B1(50)sSY0(200)sSXY(200)sSX2Y(200)»XX(200s10)sYY (2005101 +sDENOTEC(
2200)sA1(200)4A20200)sA3(200)sY0(60)sSPAVISED) sXLT1(4)sYLL{4)sXL2(3)>
'3YL2(3),OA(60)vOB(60)yCL(60)oANGLE(60);ANGL(60)oBETA(60)’BET(GO)’AL,‘
4PHAT6D) sALPH(60)sDCDZ(60) s THETA(60) sEMF(20)+DMR{20) s THICK(60) X1 (2
50)9XT(20)9TIEX(60)’DELTI(60)'SX4(200)QDELN(60)9TIACT(60)’DNDCTI(60
6)sCYI(60)sCXI{60)sDIF(60)sGRY{60) .
DIMENSION EK(60),AKI(OO)’TE(60)OST(60)95T2(60) ; :
DIMENS JON: GR(60)»TGS(6O)95R(6O) R i ;
DIMENSION X111(60) o : o
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(aNaNaNaNa¥a Nl

-
R

DIMENSTON

- . DIMENSION

101

3

4 FORMAT(//g
1 X4

SV N

20
30

DIMENSTON

- DIMENSION

DIMENS ION
DIMENS TON
DIMENS LON
DIMENS ION
DIMENS ION
DIMENSION
DIMENS ION
DIMENS ION
DIMENSION

DIMENSION.

DIMENS ION
DIMENS ION
DIMENS ION
DIMENSION
DIMENS ION
DIMENSION

EUEN Y AT R T R

DSC(60) s DHC(60)
DN( 60 9T (30)
DELNT(60)
TD(60)
DTT(GO),DTS(60)
SPA1(60)

DNDT(60) 4 DNDY (60)

TG(60)sCYETI(60)

LIQM(60)’PLANAR(60)tPLANAl(60)tHL7(60)’HR7(60)9Y5(60)

DN11(60).
XIvyI1(60) :
CKF(60)9DG(60)
CO(60)sHO(60)
DCDZD( 60)

HR11(60)"

XXX(60)oEKQB(60)

GB3(60)9TK3(60)’FT3(60)'EKQN3(6O)oEKQDB(60)

TC(20)

"TRANS(60) s FKT(60)

FACT(20)

DO 10000 NOR=1s5

READ "1,N

. FORMAT(13)

READ 25 (FACT(I),121,14)

FAC=0. *

DO 101 J=1s6 -
FACI= ABS(FACT(J*2+1)-FACT(J*Z-I))
FAC=FAC+FACL

FACTOR= 0.01*6./FAC

PRINT 555
FORMAT (#

1=N%*6

INPUT MICROSCOPE X-Y DATb FROM X-Y! PLOTTER®)

Yl X1
Y5 X5

oo‘1q.1;1;N1w

INPUT MICROSCOPE X-Y DATA

READ 25 (Z(19J)sJ=1s14)
FORMAT (10X s14F544)
FORMAT ( 14F 844 )

CONTINUE

DO 30 I=1,N1
DO .20 J=1,7

Jlzgn2-1

Y(IsJY=2Z(14J1)
X(I,J)310o*l(loJ*2)

CONTINUE

FOUR FRINGES WERE MEASURED
THE 1ST POINT WAS ORIGIN -

IL=1 -
N2=N1-N*2,
LL=1

- DO 50 I=1sN2

Y2 X2 -

Yé - X6

- »l&*****}********i*********l**i*ii**

+EACH FRINGE ‘HAS'

Y3 X3

Y7 C XT¥%e/)

7 POINTS IN Xs¥,

Y4

COORDINATE

Ee

Rt )




. 14 FORMAT(8F10.9)

~102-

SX2Y(I11=0.
DO 60 J=1+5
Ql=Y(LsJ+1)=Y(Ls1)
Q23X (L s J+1)=X{Ls1)
YY(IsJ+1)=Ql
60 XX{(IsJ+1)=Q2
XX{Is1)=0.
YY(Is1)=0.
IF(L.EQ.6Q*LL) 61’62
61 IL=IL+2
) LL=tL+1
62 IL=IL+1
DO 70 J=1+6 .
SX1(I)=SXT(IY+XX(1sJ)
SX2(I1=SX2(1)+XX(IeJ) %2
SX3(I)=SX3(I1+XX{(T1sJ) %23
SX4(1)=SX4 (1)1 +XX{(1sJ) ¥4’
SYO(!):SYO(I)+YY(T9J)
SXY(T)=SXY{IV+XX(TsJ)RYY(IsJ)
TO SX2Y(I)=SX2Y (T )+ (XX( T )#%2)%YY(I4J)
DENOTE(I)=6. *SXZ(I)*SX4(I)+2o*SX1(I)*SX2(I)*SXB(I)—SXZ(I)**B 6e%S
1X3(I)*SX3(I)-SXQ(I)*SXI(I)**Z
IF(DENOTE(I1)+EQeOe) GO TO 50
Al(I)= (SYO(I)*SXZ(I)*SX4(1)+SX2Y(I)*SXI(I)*SX3(1)+SXY(I)*SXB(I)*SX
12(1)—SX2Y(I)*SX2(I)**2 ~SXY(1)#SX1(1)*SX4(1)- SYO(I)*SXB(I)**Z)/DENO
2TE(T)Y
AZ(I)-(SXY(I)*6.*SX4(I)+SYO(I)*SX2(I)*SX3(I)+SX1(I)*SX2(I)*SX2Y(I)
l*SXZ(X)**Z*SXY(I)—SYO(I)*SXI(I)*SX#(I)-b.*SXZY(I)*SX3(I))/DENOTE(I
2) -
A3(I)=(6-*SX2(I)*SXZY(I)+SX1(])*SXZ(X)*SXY(I)+SYO(I)*SX1(X)*SXB(
11)—5YO(I)*SXZ(I)**2—6.*SX3(IX*SXY(I)-SXI(I)**Z*SXZY(I))/DENOTE(I)
71 FORMAT(// % I=#149% Al=¥%¥yE12e59% A2z%3E12459% . A3= *E12.5
1) e
50 CONTINUE

INPUT THE TeGeMeSe EXPERIMENTAL DATA

DO 210 I=19N
READ 115Y3sYIsY25AsBsCsD
READ 129sDINTsDTHsDMIsHOT»COLD
READ 139MsKsCL1sSM1sSM2sTIME

11 FORMAT(3F10e994F1047)

12 FORMAT(F10eB844F1049)

13 FORMAT(2110+sF1041043F1049)
cLtI)=CLl1 i
TH=(Y2-Y3)*(ABS(C~-D)-ABS(A-B))/(YI-Y3)
THICK(I)=(TH+ABS(A-B))%0,001-0¢1 ' ‘
READ 149 (DMR(J)sJ=1sM) . : ) \
READ 143 (EMF(J)sJ=1sM) 2

THETA(I)-ATAN((ABS(C ~D)—~ABS(A=-B))/(ABS(YI- Y3)*10000.))
"D0O .200 J=1sM
DMRZ-(DMR(J)*2504)/40

(!
V.




3002
200

¥
[aXaXaKal

e | 778

779
775

[aNa XA

140

150

141

142
143

144
147

148

.199
151

152
153

174

210

XL1{I)=X(12+J)

-103~-

_XT(J)‘DMR2+DTH
xx(J)-(Dml*zs.a)/u.+DTH+olNT =XT ()

CALL TEMPCAIEMF(J)+KsT(J))

FORMAT(5X92F1“05)
CONTINUE -
j'CALCULATE THE INTERFACIAL TEMPERATURE
CALL: LSQS(XT.T.M,AII'AIZ;EII) R :
FORMAT (% X HOT STAGEs EXP. TEMP. LSQ FIT Te X FROM INTERFACE
DT#) o - :
FORMAT ( # (MM) (DEGREE ) (DEqaeg <) (MM) %)

FORMAT (5F12e45X14)
TGI1)=ABS(AI1)#10.
TIEX(])=AI1#(25. a'DMI/4.+DlNT+DTH)+Al2
FORMAT (//+% EXTRAP. INTERFACE TEMP.
CALL TEMPCA{HOT KsHO(IY)) '
CALL TEMPCA(COLDsK»CO(I)}
TGS(I)=(HO(1)-CO(L))/2e52

SR{T)=((SM2~SM1) #2,54)/(4e®60e*TIME)
CONTINUE

igSXFlZ.“://)

;f'CALCULATE THE ANGLE INVOLVED

00 80 I=1sN

12=6%1-5
140 J=1+4

YL1(J)aY([2sJ) I

.CALL'LSQS{XLI;YLlo“’SlyCI’VI)
R i T

6#1-5
DO 159 J=5s7
XL2(J=8)2X(13sJ)
YL2(J-4)=Y([3sJ)
CONTIMNUE

. CALL LSQSIXL2+YL293952+C29V2)

L IF(S1eEQeS2)
L IF(516EQe3430.7)
"ANGLE(1)=11. /7.—ATAN(ABS(SZ))

GO TO 148
1419142

GO 10 147
IF(S2«EQe 3434.7) 1434144
ANGLE(1)=11/T7«=ATAN{ABS(S1))

GO TO 147
ANGLE(1)=ATAN(ABS((51-521/(14+51¥52)))"

GR{1)=SR({IV#COS(ANGLE(T})
GO TO 149
GRI1)=SR{1)

CANGLE(I)=04

$3=(-1e)/S1

"BETA(I)=ATAN(ABS(52))
CIF(S1eEGe343467)

1519152

$3=0., .

GO TO 153

$3=(-141/51
ALPHA(T)=ATAN(ABS(S3))

ANGL (T )1 2(360,%7,/7%4e) ¥ANGLE(T)

CBET(1)=360%7%8ETA(L)/ 44

CALPHI(1)=360.%7.#ALPHA(T) /46,
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CALCULAfE THE. INTERFACIAL TEMPERATURE RISE

aXalel

DTS(I)QTHICK(I)*CL(I)*(2.*(12-5-4-GR(1))*1.17/4.E—4)
IF(GRIT)eLTeleE~4) DTT(I)=THICK(I)*CL(I)*(1e1+(GR(I)-1eE=-4)%1,33/1
le5€E-4) . .
o IF(GR(TI)}éEQeleE~4) DTT(I)=THICK(I)#CL(I)*3,5
. YTF(GR(TI)eGTaleE=4) DTTUI)=THICK(I)*CL(I)#(3e5+(GR(1)=4eE-4)%043/1
AE-4y :
IF(DTS(I).LT O+) DTS(IN=0. :
IF(DTT(I)aLTe0s) DTT(I)=0e ) .
DELTI(I)=DTT(I)+DTS(1) ' o

[aNeXa!

CALCULATE THE VERTICAL SPACING BETWEEN FRINGES IN X-Y COORDINATES

SP=0,
I1=6%1-4
. DO 120 J=1s6
120 SP= SP+ABS(Y(II¢J+1)—Y(119J))

FIND THE FRACTION OF FRINGE SHIFT AT THE INTERFACE

aANN

‘DELNT(I)—O.
DO 440 J=1+3
la=6#1 =4+
[5=6%]~4
16=8-J
02=(Y(T4+1s1)~-Y(1441))%%2
03=(X(14+151)=X(1bs1))n%2
01=ABS(02+03) '
OAA=SQRT(0O1)
‘0BB=Y(15+16)=Y(I4s1)
082=0BB/COS{ANGLE(I))
-DEL=0B2/0AA"
DELNT(T)=DELNT(I)+DEL
440 CONTINUE _
DELN(I)"DELNT(I)/3._
SPA1(1)=(SP/6e)%#FACTOR
110 SPAV(I)“SPAI(I)/COS(ANGLE(I))
CHi®
C
C
C
C
C***** :
YO(I)-(AZ(I*# 3)+A2(4*]~ 2)+A2(4*I 1Y+A2(4%*1)) /4
T[ACT(I)"TIEX(I)+DELTI(I)

CALCULATE THE DIFFUSIVITY OF THE MIXTURE AT INTERFACIAL TEMPERATURE

EalaXaXa!

DIFTS=EXP(CL(I)*ALOG(0.77)+(154CL(I))*ALOG(l.ZS))
DIF(I);DIFTS*I.E—6*(TIACT(I)+273-15)/300915

c .

c****** : ’ ’

c . ,CALCULATE THE REFRACTIVE INDEX CHANGE VS TEMPERATURE AND TEMPERATURES
C .

YS(I)—CL(I)

ITE=0 ' ' '

VDN(I)—(6.328E 4)*DELN(I)/(2 *THICK(I))

&




993 DNDT(

[aEa ¥}

992

991

[)=-5.56883E-4+YS(1)*1. 71362E~5+TIACT(I)*2.2E -6
DNDY(1)=7495434E~ 2+1.71362E S*TIACT(I)‘YS(I)*Z.*I.SIIBZE -2

_CALCULATE THE CONCENTRATION GRADIENT » INTERFACIAL LIQUID AND 50LID CONC.'

DCDZD(TI) =2 *SPAV(I)*TH!CK(I)*COS(ALPHA(I))*DNDY(I)*(SIN(BETA(I))+Y
10(1)*COS(BETA(I})) -

DCDZ(11=6328,E~7%Y0(1)/DCOZD(I) ’ '
DN11(1)=(DN(I)*DNDT(I)*(+DELTI(I)))/DNDY(II

CYI(I)=CL(I)-{DNLI(I)) =

DFF=ABS(YS(I)=CYI(I))

IF(DFFelLTele0DE=3) 991!992

YS(I)=CYI(I})

ITE=ITE+1

IF(ITE4GT.1000) GO TO 991

GO TO 993

CXI(I)-CYI(I)+(DIF(I)*DCDZ(!)/GR(I’l*lO- D
XIYI(I)‘(DIF(I)*DCDZ(I)/GR(I))*IO. :

GRY(I):GR(I)/&YI(I)

IFICL{I)eGTe0e58) AKI(I)= CXI(I)/CYI(II

IF(CL(I)eLTe0e58) AKI(I)z(lo-CXI(I})/(I.'CYI(I))
CIF(CYI(D)eLTa0e5765) TE(1)=49,8~ 79.198448*CYI(!)+38 322395*CYI(I)*
1%2-264323182%CYI(1)%%3 .
IF(CYI(1)4GT4045765) TE(1)=-138,71831+489, 01344*CYI(I)-503.51732*C'
1YI(I)*%2+195,26180%CYI([)**3

ST(I)=STE(I})=-TIACT(I) .

ST2(I)=ST(I)%%2 - .

IF(TIACT(I).LT-IB-) 2229223

© 222 CYETI(1)=0."

[aXeNakeXa)

GO TO 224

223.IF(CYI(I)wGT-du5765) CYETI(I)=5.6070045E-1—TIACT(I)*6;5955042E-3+T

1IACT (1) #%2%6,778757TE-4-TIACT(1)##3#6,478803E—6
IF(CYI(1)eLTe0e5765) CYETI(1)=749111099E=1-TIACT(I)%*1¢5782194E~2~ T
1TACT (1) %%2%4,9189459E~5+TIACT (1) #*#3*%], 08801155 -6

224 PLANAL(1)=SQRT(CL(I)}*GR(I))

CAKE=00 ¢
IF(CL(I).GT-O.sB) AKE=1e/CYETI(I) K oy
IF(CL‘I)-LT-OoSS) AKE=1e/(1e=~CYETI(I)) y

]
LIQUDUS SLOPE L

IFICLIT) oL To045765) LIQM(l)=-79"19sadb+é.*38.322395*CL(x)-s.*ze.az
13182%CL (1) %%2
IF(CLIT)eGTe045765) LIQM(I)= 489.01344-2.*503.51732*CL(r)+3.*195 26

 1180%CL (1) #%2

PLANAR([)'SQRT(ABS(TG(I)*DIF(I)/LIQM(II))
HR7(1)=1+/PLANAL(I)
HL7(1)=SQRT(ABS((AKI(I)~ 1.)/(AKE*1.)))
HR11(1)=PLANAR(T)/PLANAL(I])

CALCULATE THE. FORWARD RATE COEFFICIENT-

T10=TIACT(1) . :
T11=T10+27315 L i
CC==1+/0.66 I
IF(CLII)eLTe045) GO TO 410 = - .
IFICLIT)eGT045) GO TO 420 =~ = i



aNaNaNaKs!

410

=106~

DEST=(-843E-4)#(T10-946)+0.9816
WT=6¢3E-8

DGT=(12.8- 14.4*(1.-T11/(TE(I)+273 15))-1.987*ALOG(1.—CYI(I)))*ST(I)
1)

FT=DGT/ (1. 2*3.142*4160.)
TEST10=GR(I)#(CYI(I)=CXI(I))
TEST11=CYT(I)*#(1e=~CYI(T)=(1e=CXI(I))*(1e~CYETI(I}))
FKT{I)=TEST10/TEST11

CKF({I)=FKT(I)/Z(FT*WT)

HVT=4160.

TK1= 0.21E11*T11*EXP((CC*HVT+T11*15.6)/(1.987*T11))
TRANS(1)=CKF(1)/TK1

GB=(TK1¥#1,0E~8%*FT*WT)/GR(I)
EKQB(I)=(GB*CYI(1)+1.)/(1.+GB*CYI(I)*(l.—CYETI(I)))
XXX{T)=EKQB(I)*#{1e=CYI(1}))

GB3(1)=GB

TK3(I)=TK1

FT3(I)aFT

EKQN3(I)=GB*CYI(I)+1. )
EKQD3{1)=(1.+GB*CYI(I1)%#({1e~CYETI(1}))) .

T X111 1)=1-CXI(1)

420

GO TO 430
DESS=(~8¢7T7E~4)%(T10-454+)+1.17858

DGS=(13.6-21, 5*(1-—T11/(TE(I)+273.15))—1.987*ALOG(CYI(I)))*ST(I)
FS=DGS/ (1. 2%3.142%4670.)

WT=6+7E~8

TEST12= GR(I)*(CXI(I)—CYI(I)!
TESTIB—(I.—CYI(I))*(CYI(!)—CXI(I)*CYETI(I))'
FKT(I)=TEST12/TEST13

CKF(I)=FKT(I)/(FS*WT)

HVS=4670.

. SK1=0. ZIEll*Tll*EXP((CC*HVS+T11*15.0)/(1.987*T11))

NN

430

80

501

500

TRANS(T)3CKF(1)/5K1 . : \
GBS=(SK1%1.0E~8%WT*FS)/GR(I)
EKQB(I)-(GBS*(I.—CYI(I))+l.)/(1.+GBS*(1--CYI(I)’*CYETI(I))
XXX(I)—EKOB(I)*CYI(I)

GB3(1)=GRS

TK3(I)=5K1

FT3({I)=Fs

EKQN3{(1)=GBS*(1e-CYI(I))+1e
EKQD3(I)—(1o+GB$*(1.—CYI(I))*CYETI(I))

CALCULATE THE ACTIVATION ENERGY

CK2—(CKF(I)*4 8E-11)/(T11})
CK3=ABS(CK2)
DG(I)—1o987*T11*ALOG(CK3)*(‘lo)
CONTINUE

ouUT PUT

PRINT 555
PRINT 501 : o

FORMAT(/// % K X1 Yr YT1L Yo
1 DCDZ SR GR/C GR K-PRED*) :
DO 500 I=1,N

PRINT 502yI,AKI(I)yCXI(I)'CYI(I))CYETI(I)’CL(l)’DCDZ(I)QSR(I)oGRY(

1I)sGR(I)$EKQB(I)




I4N

502 FORMAT(1306F10.493511 20516.6)

PRINT 855
 PRINT 503 . S _ ,
503 FORMAT(///+* - TIEX TI. TE DELTI 16 TGS ST
1 "ST2 .KF © DG TRANS FKT#*)

DO. 505 I=1sN
505 PRINT. 5069I,TIEX(I)vTIACT(I)oTE(I)¢DELTI(I)oTG(I)oTGS(I)’ST(I)osTZ

1(I)oCKF(I)9DG(!)oTRANS(I)9FKT(I)

' 506 FORMAT(I?;BF?.Z.QEI“-B)

" PRINT 555
PRINT 507 o SRS S R :
507 FORMAT(/// % YPRIME GD/M “HL7»11 HRY
© 1HR11 - DIFF ~ DNDT . " DNDY X=PRED*)

DO 510 I=1sN:

510 PRINT 5119I,Y0(I)oPLANAR!l)oHL?(I)9HR7(I)9HR11([)¢DIF(I)oDNDT(I)oD
INDY (1) XXX(I)

511 FORMAT (13, F11-3oZEll 2-1F12.2.4E12‘20514.6)

PRINT 555
~ PRINT 512 T . o _ : v
512 FORMAT(///s*  ANGLE ALPHA _BETA ~ THETA  COLD
1. HOT DN © THICKS . SPACING¥) o

DO 515 I=1sN
515 PRINT 516¢IsANGL(I)oALPH(I)9BET(I)0THETA(I)aCO(l)oHO(I)’DELN(I);TH

“1ICK( 1) +»SPALL(T) o
516 FORMAT(2XI307F10.402F13.4)
- PRINT 558
PRINT 517

" 517 FORMAT(* F I T s "

1 . KD - ;KEQ R x PRED XI#)
. DO 520 I=1yN . ‘ g
520, PRINT 518oIoFT3(I)sTKB(l)’GBS(I)oEKQNB(I).EKQD3(I)o‘KQB(!)oXXX(1).
1x111(11 ' , . v
518 FORMAT(IBaBEIh.S)
555 ‘FORMAT.{'TH1)

10000 'CONT INUE

~STOP
END

v

'SUBROUTINE LSQS{XsYsMsAsBsEL)
DIMENSITON X(Zo)vY(ZO) Sl S
‘A=0e
B=0.

-SX=0e
SY=0,
SXY=0e
- §X2=0e. .
‘DO 10 I= 10M
SX=SX+X(1)
SY=SY+Y (1) -
SX2=SX24X(1)%%2
10 SXY=SXY+X (1) #Y (1)



40

.20

30

100 FORMAT (*# LEST SQUARE FITT[NG LINE PARALLEL TO VERTICAL "AXIS »

50

-108-

AM=
IF((AM*SX SX%##2) sEQeO.)

3040

A= ( AMESXY-SX#SY) /( AMESX2-SX*#2 ) o
B=(SY*®¥SX2-SX*#S5XY)/ (AM*SX2- SX**Z) -

E1=0.

DO 20 1=1sM

El= El+(Y(I)—(A*X(I)+B))**2
GO TO 50

A=3434,7

B=SX/AM

PRINT 100,8

1 X = By, WHERE B =%,E11e¢4)
RETURN
END

SUBROUTINE TEMPCA(EsK»sT) °

IF(EeGToa0eANDeEeLE40e193)TI=0s+(E~ 0.)/0.0386
IF(EeGTe00193¢ANDELE«04389)TI=54+(E=04193)/0.0392

IF(EeGTe04383¢ANDEeLE«0+587)

IF(EeGTe0e58T7¢ANDeE«LEL0.787)
IF(EeGTe0eTB8TeANDELELCe99)
IF(EeGTe0e990eANDeEeLEc164194)
IF(EeGTele194¢ANDeESLEL1.401)
IF(E.GT-104OIOANDOE-LEO 1.610)
IF(EeGTele610sANDeEsLES14821)
IF(EeGTeleB821eANDeE«LEL2,035)
IF(EeGTe2¢03%eANDeEeLE«24250)
IF{EeGTe2e250eANDeEcLEw24467)
IF(EeGTe24467«ANDeE«LEL24687)
IF(EeGTe2e687¢ANDsELES2.,908)
) IF(EeGTe2¢6908¢ANDaEelEe3.132)
IF(E.GT030 132.AND.E.LE.3.357)
IF(EeGTe34357+ANDsEeLE43,813)
TF(EeGTe34813eANDeELE(44277)
IF(EeGTe4e2T7T7eANDeEeLEstto 749)
IF(EeGTeaeT49¢ANDeEetLEa54227)
IF(EeGTe54227¢ANDeEellEa5.712)
 IF(EeGTe5e¢712¢ANDeEeLE.64204)
IF(EeGTe6¢204¢ANDeEeLE464703)
IF(E.GT.6.703.AND.E.LE.7.208)
IF(EeGTe7e208+sANDsEeLEe74719)
IF(EeGTeT7e719ANDeELE«8,236)
IF(EeGTe84237) PRINT 1

TI=10e+(E-0. 389)/0.0396
T1=15e+{E=0+587)/0+04

TI=20e+(E~0.787)/040406

TI=25e+(E=06990)/0.0408"
TI=30e+(E=1e4194)/0.0414
TI=35.+(E=1.401) /00418
TI=240e+(E=14610) /040422

TI=45.+(E~1.821)/0.0428 -

TI=50e+(E=2,035)/0.0430
TI=55.+(E-2.250)/0.0434
TI=60s+(E=24467)/040440
TI=70e+(E=2.9081/0+0448
TI=75.+(E=3,132)/0.0450
T1=80e+(E~34357)/0.0456
TI=90s+(E-3,813)70.0464

TI=100e+(E=44277)/040472

TI=110e+(E-44749)/040478
TI=120e+({E=54227)/0.0485
TI=130e+(E-54712)/040492
TI=140.+(E-64204)/040499

TI=150e+(E-6+703)/040505

TI=160e+(E~74208)/040511
TI=170.+(E—7.719)/0 0517

FORMAT (* TEMPERATURE RANGE OVER THE TABLE—-—INPUT DATA

IF(KeEQel)
IF(KeEQe2)
IF(KeEQe3)
IF(KeEQed)
IF(KeEQ.8)
IF{KeEQe9)
RETURN

END

T=T71-0.035
T=TI=-0s1125.

T=TI=((TI-40e)%04003+0414)
T=TI-((TI-404)%0.002+0416)
T=TI=((TI=40¢)%0s003+0414)
T=2TI=-((TI- 40.)*0-002+0-16’

WRONG*)

<
B N

-




LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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